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Abstract

Mechanisms underlying breast cancer brain metastasis (BCBM) are still unclear. In this study,
we observed that extracellular vesicles (EVs) secreted from breast cancer cells with increased
expression of tGLI1, a BCBM-promoting transcription factor, strongly activated astrocytes.
EV-derived microRNA/miRNA microarray revealed tGLI1-positive breast cancer cells highly
secreted miR-1290 and miR-1246 encapsulated in EVs. Genetic knockin/knockout studies
established a direct link between tGLI1 and both miRNAs. Datamining and analysis of patient
samples revealed that BCBM patients had more circulating EV-miRs-1290/1246 than those
without metastasis. Ectopic expression of miR-1290 or miR-1246 strongly activated astrocytes
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whereas their inhibitors abrogated the effect. Conditioned media from miR-1290- or miR-1246-
overexpressing astrocytes promoted mammaospheres. Furthermore, miRs-1290/1246 suppressed
expression of FOXAZ2 transcription repressor, leading to CNTF cytokine secretion and subsequent
activation of astrocytes. Finally, we conducted a mouse study to demonstrate that astrocytes
overexpressing miR-1290, but not miR-1246, enhanced intracranial colonization and growth of
breast cancer cells. Collectively, our findings demonstrate, for the first time, that breast cancer
EV-derived miR-1290 and miR-1246 activate astrocytes in the brain metastatic microenvironment
and that EV-derived miR-1290 promotes progression of brain metastases through the novel EV-
miR-1290—FOXA2—CNTF signaling axis.

Keywords

Extracellular vesicles; microRNAs; Breast cancer brain metastasis; Brain microenvironment;
tGLI1

1. Introduction

In 2022, an estimated 287,850 women will be diagnosed with breast cancer with 43,250
breast cancer cases resulting in death [1]. Metastasis to distant organs accounts for 90% of
breast cancer deaths [2]. Breast cancer brain metastases (BCBM) occur in approximately
10-30% of patients with metastatic breast cancer, and BCBM is associated with poor
prognosis with a median survival of only 6-18 months [3]. This poor survival rate may be
attributed to limited knowledge of the mechanisms contributing to BCBM.

Truncated glioma-associated oncogene homolog 1 (tGLI1) was discovered by our lab as a
gain-of-function GLI1 zinc finger transcription factor [4]. tGLI1, an alternatively spliced
variant of GLI1, is a terminal effector of the Sonic hedgehog (SHH) signaling pathway

[4]. We have demonstrated that tGLI1 expression is tumor-specific as it is expressed in
breast cancer and glioblastoma (GBM), but not in normal breast or brain tissue [4-7].

tGLI1 regulates GLI1 target genes and also has the ability to upregulate its own eight target
genes including VEGF-A, VEGF-C, VEGFR2, TEM7, HPSE, CD24, CD44, and OCT4
contributing to increased growth, migration, invasion, and stemness of cancer cells [4, 8-10].
We recently reported that tGLI1-positive breast cancer cells preferentially metastasize to the
brain through mediating metastasis-initiating cancer stem cells [11]. Additional mechanisms
by which tGLI1-positive breast cancer cells communicate with the brain microenvironment
to promote breast cancer colonization and metastasis remain unclear.

Primary breast tumors can prime distant organs prior to colonization and astrocytes are
activated before breast cancer cells extravasate into the brain [12,13]. Primary tumors can
communicate with distant organs through the secretion of extracellular vesicle (EV)-derived
microRNAs (miRNASs). Many EVs originate from the endosome, range in size from 30

to 150 nm in diameter, and play critical roles in intercellular communication through the
transport of many bioactive molecules including growth factors, DNA, and miRNAs [14].
MiRNAs are small, 18-23 nucleotide, endogenous noncoding RNAs that regulate gene
expression in many physiological processes by targeting mRNAs [15]. Tumor-derived EV-
miRNAs promote the destruction of the blood-brain barrier leading to brain metastasis [16].
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Importantly, EVs can fuse with astrocytes resulting in the release of oncogenic miRNAs,
which prime astrocytes to secrete factors that promote tumor growth and invasion in the
brain [17].

In the present study, we investigated whether tGLI1-positive breast cancer cells primed
brain microenvironmental cells to promote BCBM. We observed that tGLI1-positive

breast cancer cells activate astrocytes through secretion of EVs containing increased
miR-1290 and miR-1246 levels. miR-1290 and miR-1246 expression was higher in sera

of metastatic breast cancer patients and BCBM tumors compared to sera from patients
without metastasis and matched primary tumors, respectively. Analysis of serum samples
showed more circulating EV-miR-1290 and miR-1246 in BCBM patients than those without
metastasis. Both miRNAs were associated with poor clinical outcomes in breast cancer
patients. Overexpression and knockdown studies linked both miRNASs to astrocyte activation
and mammaosphere formation. Furthermore, we identified Forkhead Box A2 (FOXA2), a
miR-1290 and miR-1246 target, as a direct transcriptional repressor of ciliary neurotrophic
factor (CNTF). Moreover, astrocytes overexpressing miR-1290, but not miR-1246, promoted
growth of co-implanted breast cancer cells in the brain in an intracranial mouse model.

In this study, we uncovered a novel role that EV-derived miR-1290 and miR-1246 play in
activating astrocytes, and identified the novel miR-1290-FOXA2-CNTF signaling axis and
its important role in promoting BCBM.

2. Materials and methods

2.1. Celllines, lentiviruses, and expression plasmids

MDA-MB-231 and SKBR3 cells were purchased from ATCC. MDA-231-BRM and CN34
cells were a kind gift from Dr. Joan Massagué at the Sloan Kettering Institute [18]. SKBRM
cells, a brain metastatic human breast cancer cell line derived from HER2-enriched SKBR3
cells, were established by Drs. Fei Xing and Kounosuke Watabe [19]. The E6/E7/hTERT
immortalized human astrocytes were a gift from Dr. Russell O. Pieper at University of
California, San Francisco. Isogenic MDA-MB-231 and SKBRM cell lines with vector,

GLI1 or tGLI1 were previously developed in our laboratory [4,11]. Astrocytes stably
expressing vector, miR-1290, or miR-1246 were generated using lentiviral constructs (SBI;
CD511B-1) followed by GFP sorting. SKBRM-tGLI1 cells with stable knockdown (miROff)
vector, miR-1290 (Off-1290), and miR-1246 (Off-1246) were established using lentiviral
constructs (ABM; mh30080) followed by GFP sorting. All cell lines have been authenticated
using standard methods, tested for mycoplasma, treated if necessary (Sigma-Aldrich;
10-799-050-001), and tested again prior to use. Extracellular vesicle tracking CD63-GFP
lentivirus was obtained from Dr. Xandra Breakefield’s laboratory [20]. Overexpression
lentiviruses for miR-1290, miR-1246, and miR-1270 were obtained from Dr. Yin-Yuan Mo
at University of Tennessee.

2.2. EVisolation and nanoparticle tracking analysis (NTA)

EV-free FBS was prepared by diluting FBS 1:3 in culture media, centrifuged at 4 °C for 24
h at 25,000x g, and passed through a 0.22 pm cellulose acetate filter. Cells were cultured in
media containing 10% EV-free FBS for 48—72 h. Media was harvested and centrifuged at 4
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°C for 10 min at 300xg. Supernatant was collected and centrifuged for 20 min at 2000x g.
Supernatant was collected and subjected to centrifugation for 30 min at 16,500x g and passed
through a 0.22 um cellulose acetate filter. EVs were then isolated through three methods:

1) ultracentrifugation method pellets EVs by centrifugation at 120,000x g for 70 min; 2)

size exclusion chromatography method loads 500 pL of supernatant onto a gEV column
from iZon (Cambridge, MA) and fractions were collected as outlined in the manufacturer’s
manual; and 3) ExoQuick Kit EV isolation uses a polymer-based method following the
System Biosciences manufacturer’s protocol (Palo Alto, CA; ExoQuick-TC). EVs from
human and mouse sera were isolated using the ExoQuick Kit from System Biosciences. Size
distribution was measured by NTA using Nanosight NS50 (Malvern Instruments, UK).

2.3. Breast cancer mammosphere assay

Cells were harvested and seeded in 24-well ultra-low attachment plates (Corning) at 1000—
4000 cells per well in either a 1:1 ratio of mammosphere medium and CM from astrocytes
overexpressing each miRNA or in mammosphere media only. Astrocyte-CM was generated
by culturing cells in serum-free medium for 24-48 h. Mammosphere medium contained
Dulbecco’s modified Eagle’s medium/F12 (Gibco), B27 (Gibco; 2%), insulin (Sigma; 4
pg/mL), SHH (Sigma; 100 ng/mL) and EGF (Sigma; 20 ng/mL). Mammospheres were
supplemented with fresh sphere medium every other day and cultured from 7 to 14 days.
Mammospheres were counted and imaged under a 5% objective.

2.4. Glial fibrillary acidic protein (GFAP) and FOXA2 immunofluorescence staining (IF)

Human astrocytes were seeded in treated chamber slides for 24 h, then washed with warm
PBS and stimulated with conditioned media (CM) overnight. Cells were washed in PBS,
fixed in 4% formaldehyde in PBS for 15 min, washed again and blocked in 1% goat

serum in PBST for 1 h at room temperature. GFAP (Cell Signaling; 3656) 1° antibody was
incubated overnight in 1% BSA/PBST at 4 °C. Cells were washed with PBS, incubated in
DAPI (1:1000 in PBS), washed with PBS, and were placed on slides with aqueous mounting
medium and sealed. Slides were imaged at 10x using an Olympus FVV1200 spectral laser
scanning confocal microscope or at 20x using the ImageXpress Pico microscope. IF staining
for FOXA2 (R&D; AF2400) followed the same protocol as described above with frozen
tissue on slides.

2.5. Cytokine array

Human astrocytes overexpressing miR-1290, miR-1246, or vector control were used. Cells
were grown in serum-free medium for 24-48 h, centrifuged for 5 min at 300xg, and added to
the cytokine array membranes. Procedures were followed as outlined in the Human Cytokine
Array C2000 kit from RayBiotech (Norcross, GA).

2.6. Intracranial inoculation mouse model

All animal experiments were conducted as approved by the Wake Forest Institutional
Animal Care and Use Committee. Intracranial implantations were performed as previously
described [6]. Briefly, athymic female mice 5-6 weeks of age were anesthetized with
ketamine/xylazine and isogenic SKBRM cells and astrocytes were stereotactically implanted
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into the right frontal lobe of the brain. Isogenic cell lines were implanted at a 1:1 ratio of
SKBRM to astrocytes (total of 2 x 104 cells/5 pL PBS). Tumor growth was monitored 1x
weekly using VIS imaging and mice were euthanized at humane endpoint or end of study.
Blood serum was collected, all organs imaged ex vivo, and mouse brains were stored in
OCT for further analysis.

2.7. Statistical analyses

Log-Rank (Mantle-Cox) test, one-way ANOVA, two-way ANOVA, Pearson correlation, and
student’s #test were performed using Graphpad Prism 5 and 9 and described previously
[11]. N = 3 experimental replicates unless otherwise indicated. Results are represented as +
SE.

See the supplementary information for a complete description of the methods used.

3. Results

3.1. Breast cancer-derived miR-1290- and miR-1246-containing EVs activate astrocytes

We previously observed that tGLI1-positive breast cancer stem cells (BCSCs) strongly
activate and interact with astrocytes [11], the most abundant glial cell type in the brain,

and reactive astrocytes promote metastasis and tumor growth in the brain [13,21]. To
determine how tGLI1-expressing breast cancer cells activate astrocytes, we aimed to identify
which secreted factors induced astrocyte activation. To this end, we stimulated human
astrocytes with conditioned media (CM) from isogenic MDA-MB-231 cells overexpressing
vector (231-Vector), GLI1 (231-GLI1), or tGLI1 (231-tGLI1). GFAP expression, a marker
of astrocyte activation, was evaluated by immunofluorescence [13]. CM from 231-tGLI1
cells significantly activated astrocytes compared to control (FBS-free media) and CM from
231-Vector and 231-GLI1 cells (Fig. LA-B). Since 231-tGLI1 cells activated astrocytes
without cellular contact, we investigated whether 231-tGLI1 cells secrete proteins or EVs

to activate astrocytes. We performed size exclusion chromatography to isolate protein and
EV fractions from 231-tGLI1 CM (Fig. 1C). To confirm proper isolation of EVs, we
performed NTA and found the EVs were the appropriate diameter (130-200 nm; Fig.

1D). To examine whether astrocytes could take up EVs secreted from cancer cells, we
overexpressed GFP-labeled CD63, a tetraspanin used to characterize EVs, in breast cancer
cells, collected CM, extracted EVs by ultracentrifugation, stimulated astrocytes with purified
EVs, and then performed confocal microscopy. The secreted EVs were readily taken

up by astrocytes as indicated by intracellular GFP signal (Fig. 1E). Next, we examined
whether secreted proteins or EVs from 231-tGLI1 cells activated astrocytes and found that
the EV fractions, but not the protein fractions, significantly increased GFAP expression

in astrocytes (Fig. 1F-G). Since EVs contain a variety of bioactive molecules that are
released into target cells including miRNAs [14], we investigated whether 231-tGLI1 cells
contained increased EV-derived miRNAs, and thereby activated astrocytes. We conducted

a miRNA microarray of EV-miRNAs isolated from 231-tGLI1 and 231-vector cells (Fig.
1H). Analysis of significantly differentially expressed miRNAs identified three miRNAs
(miR-1290, miR-1246, and miR-1270) that were upregulated in EVs from 231-tGLI1 cells
by at least two-fold and p-value < 0.01 (Fig. 11). We confirmed these findings with RT-qPCR
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and observed significant enrichment of all three miRNAs in EVs-derived from 231-tGLI1
cells (Fig. 1J). Collectively, these data demonstrate that tGLI1-positive breast cancer cells
secrete EV-derived miRNAs that are taken up by astrocytes and lead to astrocyte activation.

3.2. EV-derived miR-1290 and miR-1246 are highly expressed in metastatic breast cancer
patient sera, associated with poor clinical outcomes, enriched in BCBM, and upregulated
by tGLI1

To help narrow the list of these miRNAs, we analyzed publicly available patient datasets
obtained from Gene Expression Omnibus (GEO). Analysis of a large cohort of circulating
miRNAs from serum of 2686 non-cancer and 1269 breast cancer patients revealed
significant enrichment of all three miRNAs in patients with breast cancer (Fig. 2A;
GSE73002). Analysis of a cohort with subtype information showed that all three miRNAs
were expressed at higher levels in HER2-enriched breast cancer and triple-negative breast
cancer (TNBC) than the luminal subtypes (Fig. 2B; GSE86278). Furthermore, we found
miR-1290 and miR-1246, but not miR-1270, were more highly expressed in sera from
breast cancer patients with metastases compared to those with no metastases (Fig. 2C;
GSE68373). Most notably, miR-1290 and miR-1246, but not miR-1270, levels in brain
metastases were significantly higher compared to matched primary breast tumors (Fig.
2D; GSE37407). miR-1290 and miR-1246 expression was also correlated with worse
overall survival in TNBC patients (Fig. 2E) and metastasis-free survival (MFS; Fig. 2F;
GSE40267). Expression of miR-1270 was not included in this dataset. These findings
directed us to further investigate miR-1290 and miR-1246 for their roles in activating
astrocytes and promoting BCBM.

To further examine the association of miR-1290 and miR-1246 with tGLI1-expressing
BCBM, we isolated EVs via ultracentrifugation from the CM of SKBRM cells, a
brain-tropic subline of SKBR3 cells, that stably express vector (SKBRM-Vector) or

tGLI1 (SKBRM-tGLI1), and determined miRNA expression. We found expression of

both miRNAs was significantly increased in SKBRM-tGLI1 cells compared to SKBRM-
Vector cells (Fig. 2G). EV fractions were validated using NTA (Fig. 2H). Furthermore,

we confirmed the link between both miRNAs and tGLI1 as indicated by the positive
correlations between miR-1290/miR-1246 gene signatures [22] and the tGLI1 activation
signature [5-8, 10] (tGAS; TCGA,; Fig. 21). Moreover, we found significantly increased
intracellular miR-1290 and miR-1246 expression in 231-tGLI1 cells compared to 231-Vector
and 231-GLI1 cells (Fig. 2J). Next, we selectively knocked down tGLI1 with previously
validated tGLI1 antisense-oligonucleotides (AS-ON) [6] and found tGLI1, not GLI1, mMRNA
expression was significantly decreased (Fig. 2K). Furthermore, we found significantly
decreased miR-1290 and miR-1246 expression in SKBRM cells with tGLI1 knockdown
(Fig. 2L). We validated these /n7 vitro findings by isolating EV-derived miRNAs from sera

of mice that were intracardially implanted with tGLI1 AS-ON SKBRM cells in our recent
study [11], which showed that mice in the tGLI1 AS-ON group presented with smaller brain
metastases compared to the control group. Circulating EV-derived miR-1290 and miR-1246
levels were significantly decreased in mice carrying SKBRM with tGLI1 knockdown (Fig.
2M). Taken together, these results showed, for the first time, that miR-1290 and miR-1246
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may play an important role in BCBM and that both miRNAs are upregulated by tGLI1 /in
vitroand in vivo.

3.3. Breast cancer-derived miR-1290 and miR-1246 activate astrocytes, which promote
breast cancer stem cells

Analysis of EV-derived miR-1290 and miR-1246 levels in sera from breast cancer patients
without metastases (No Met; N = 11) versus those with only brain metastases (Brain Met; N
=9) revealed an increase in expression of both miRNAs in the serum samples from patients
with only brain metastases (Fig. 3A). EVs isolated using the ExoQuick Kit were validated
via NTA (Fig. 3B) and western blotting for biomarkers (Supplementary Fig. 1A; CD-9 for
smaller EVs, CD-154 for larger EVs, Annexin V for apoptotic bodies). Furthermore, we
found miR-1290 and miR-1246 levels were elevated in EVs of brain-tropic lines (231-BRM
and SKBRM) than those of their parental cells (MDA-MB-231 and SKBR3; Fig. 3C-D).

Next, we investigated whether miR-1290 and miR-1246 activate astrocytes and found that
astrocytes stably expressing miR-1290 or miR-1246 were significantly activated compared
to the control astrocytes (Fig. 3E). Further, we examined whether astrocytes activated by
miR-1290 and miR-1246 could promote breast cancer stemness, and observed that CM
from miR-1290- or miR-1246-activated astrocytes significantly increased mammosphere
formation of SKBRM cells (Fig. 3F). We confirmed this finding by transfecting breast
cancer cells with miR-1290 and miR-1246 mimics, which are chemically-modified
molecules designed to mimic mature miRNAs. We found that the miRNA mimics promoted
mammosphere development in SKBR3 cells and CN34 TNBC cells (Fig. 3G). Since
mammospheres enrich the BCSC population, we determined whether miR-1290 and
miR-1246 increased expression of cancer stemness genes. Ectopic expression of miR-1290
and miR-1246 upregulated expression of four known stemness genes, CD44, Nanog, OCT4,
and SOX2 (Fig. 3H). Additionally, we observed that CM from SKBR3 cells overexpressing
miR-1290 or miR-1246 significantly activated astrocytes compared to control (Fig. 3I).
Overexpression of miR-1290 and miR-1246 were validated with RT-gPCR (Supplementary
Fig. 1B). Collectively, these results demonstrate that EV-derived miR-1290 and miR-1246
are enriched in BCBM Jn vitro, and that breast cancer-derived miR-1290 and miR-1246
activate astrocytes, which promote BCSCs.

3.4. miR-1290 and miR-1246 inhibition decreases the ability of breast cancer cells to
activate astrocytes and promote mammosphere formation

To complement our overexpression studies, we inhibited each miRNA using lentiviral
anti-miRNA constructs in SKBRM-tGLI1 cells and determined the impact on astrocyte
activation. The lentivirus encodes an antisense miRNA which binds to mature miRNAs

in a base-pair specific manner to prevent miRNAs from regulating target mRNAS.

CM from SKBRM-tGLI1-miROff-1290 (Off-1290) and SKBRM-miROff-1246 (Off-1246)
cells lost the ability to significantly activate astrocytes (Fig. 4A). Moreover, SKBRM-
tGLI1-miROff-1290 and SKBRM-miROff-1246 cells displayed reduced ability to form
mammospheres compared to SKBRM-tGLI1-miROff-Vector cells (Fig. 4B). To confirm
effective miR-1290 and miR-1246 inhibition, we determined whether the miRNA
knockdown increased expression of known miR-1290 and miR-1246 target genes [23-30].
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SKBRM-tGLI1-miROff-1290 expressed significantly higher levels of miR-1290 targets,
p27, IRF2, SCAI, and NAT1, than SKBRM-tGLI1-miROff-Vector cells (Fig. 4C). Similarly,
SKBRM-tGLI1-miROff-1246 expressed significantly higher levels of miR-1246 targets,
DYRK1A, PRKAR1A, and PPP2CB, compared to SKBRM-tGLI1-miROff-Vector cells
(Fig. 4D). Interestingly, LIG4 and IL6ST mRNA expression was significantly decreased

in SKBRM-tGLI1 cells with miR-1246 inhibition, suggesting that miR-1246 may maintain
the ability to regulate certain genes in a cancer or tissue-specific manner or that regulation
of LIG4 and IL6ST gene expression is more complex (Fig. 4D). Taken together, these data
demonstrate that miR-1290 and miR-1246 inhibition reduces the ability of breast cancer
cells to activate astrocytes and promote mammosphere formation.

3.5. miR-1290- and miR-1246-activated astrocytes secrete CNTF to promote breast cancer

stem cells

Given that CM from astrocytes overexpressing miR-1290 and miR-1246 promoted
mammosphere formation of SKBRM cells (Fig. 3F), we hypothesized that these astrocytes
secrete cytokines to promote breast cancer cells. To identify these cytokines, we subjected
CM from astrocytes stably overexpressing control vector, miR-1290 or miR-1246 to a
cytokine array comprised of 174 cytokines. We identified a number of cytokines and growth
factors that were significantly differentially expressed, such as ciliary neurotrophic factor
(CNTF), which was identified to be highly secreted by both miR-1290- and miR-1246-
activated astrocytes (Fig. 5A; 71.82- and 172.82-fold increase, respectively). CNTF is
secreted by reactive astrocytes and is a potent survival factor in the brain [31,32]; CNTF
receptor-alpha (CNTFR-a) is highly expressed in breast cancer [33]. To validate the
cytokine array results, we stimulated astrocytes with CM from isogenic SKBRM cell

lines and then measured secreted CNTF using an ELISA. CM from SKBRM-tGLI1 cells
significantly increased the ability of astrocytes to secrete CNTF compared to CM from
SKBRM-Vector and SKBRM-GLI1 cells (Fig. 5B). Astrocytes overexpressing miR-1290
and miR-1246 showed increased CNTF mRNA and protein expression compared to control
(Fig. 5C-D). Furthermore, we found that CNTF significantly activated astrocytes (Fig. 5E)
and promoted SKBRM mammosphere formation (Fig. 5F). CNTFR-a expression is more
highly expressed in brain metastases compared to normal breast tissues and primary breast
tumors (Fig. 5G). Using an established 12-gene activation signature of CNTF [31] to divide
a patient cohort, we observed that patients with high tumoral CNTF activation presented
with shortened brain MFS (Fig. 5H). Consistent with these findings, we found that high
CNTFR gene signature [31] correlated with worse brain MFS (Fig. 51). Collectively, these
novel findings demonstrate that miR-1290- and miR-1246-activated astrocytes secrete CNTF
to promote BCSCs, and the CNTF-CNTFR pathway is associated with BCBM.

3.6. miR-1290 and miR-1246 upregulate CNTF expression through reducing expression of
FOXA2 in astrocytes

Next, we aimed to determine how miR-1290 and miR-1246 upregulate CNTF expression by
identifying a transcriptional repressor: (1) whose expression can be suppressed by miR-1290
and miR-1246, and (2) can transcriptionally repress CNTF expression. We searched for
potential transcriptional repressors through GeneCards [34] and found forkhead box A2
(FOXAZ2) to be a predicted repressor of CNTF expression. To determine whether FOXA2
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is negatively regulated by miR-1290 and miR-1246, we used Targetscan [35], a miRNA-
target search engine, to identify predicted binding sites for miR-1290 and miR-1246 in the
3’-untranslated regions (3’-UTRs) of FOXA2 and found two potential miR-1290 binding
sites and one potential miR-1246 binding site (Fig. 6A). To determine whether miR-1290
and miR-1246 suppress FOXA2 expression, we performed RT-gPCR and found significantly
decreased FOXA2 mRNA expression in astrocytes overexpressing miR-1290 or miR-1246
compared to vector (Fig. 6B). We also observed a decrease in FOXAZ2 protein expression in
astrocytes transfected with miR-1290 and miR-1246 mimics (Fig. 6C). Furthermore, using
a luciferase reporter under the control of the FOXA2 3’-UTR, we found that miR-1290

and miR-1246 expression significantly reduced activity of the FOXA2 3'-UTR reporter
compared to vector (Fig. 6D), suggesting that miR-1290 or miR-1246 target the FOXA2
3’-UTR. Next, we determined whether FOXA2 represses CNTF expression and found that
ectopic FOXAZ2 expression significantly suppressed CNTF mRNA and protein expression in
astrocytes (Fig. 6E—F). To determine whether FOXA2 binds to the human CNTF promoter,
we conducted a ChlP assay followed by gPCR and observed that FOXAZ2 directly binds

to two regions within the human CNTF promoter (Fig 6G). To determine whether FOXA2
could suppress the CNTF promoter, we performed luciferase reporter assays and found

that overexpression of FOXA2 suppressed CNTF promoter activity in all three isogenic
astrocytes cell lines (Fig. 6H). In summary, these results reveal a novel mechanism in which
breast cancer EV-derived miR-1290 and miR-1246 negatively regulate expression of FOXA2
in astrocytes, FOXAZ2 transcriptionally represses the cytokine CNTF, and reduced FOXA2
leads to increased CNTF expression and secretion, which results in astrocyte activation and
breast cancer aggressiveness (Fig. 61).

3.7. miR-1290-expressing astrocytes promote intracranial colonization and growth of
brain-tropic breast cancer cells in vivo

Given that miR-1290- and miR-1246-expressing astrocytes promote brain-tropic breast
cancer cells, we devised a model to examine whether astrocytes activated by miR-1290

and miR-1246 could promote breast cancer cell colonization and growth in the brain.
Whether miR-1290 and miR-1246 can promote breast cancer growth in the brain in vivo
has not been studied. We intracranially co-implanted (1) SKBRM + Astrocytes-Vector,

(2) SKBRM + Astrocytes-miR-1290, or (3) SKBRM + Astrocytes-miR-1246 into 5-6
week old, athymic female mice (N = 10 per group). Notably, SKBRM cells maintain
endogenous levels of tGLI1 and express luciferase so IVIS imaging was utilized to measure
bioluminescence throughout the study (Fig. 7A). We observed that Astrocytes-miR-1290
significantly enhanced the ability of SKBRM cells to colonize and grow in the mouse brain
(Group 2 vs Group 1; p = 0.02) (Fig. 7B-C). In contrast, Astrocytes-miR-1246 did not
significantly promote the growth of SKBRM cells in the brain (Group 3 vs Group 1; p >
0.05). EV-derived miR-1290 was significantly higher in the serum of mice with SKBRM

+ Astrocytes-miR-1290 compared to the other two groups (Fig. 7D; top). While circulating
EV-miR-1246 levels in mice with Astrocytes-miR-1246 was higher, the difference did not
reach statistical significance (Fig. 7D; bottom). Next, we examined mouse brain sections for
tumor cell proliferation using immunohistochemical analysis (IHC; Ki-67) and found that
Astrocytes-miR-1290, but not Astrocytes-miR-12486, significantly enhanced SKBRM cell
proliferation in the mouse brain (Fig. 7E,G). Additionally, we conducted GFAP IHC using
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a human GFAP antibody to determine the extent of astrocyte activation within the tumors
and observed that GFAP-positive Astrocytes-miR-1290 were more tumor infiltrative than
GFAP-positive Astrocytes-miR-1246 or Astrocytes-Vector (Fig. 7F-G). CNTF IHC revealed
that Astrocytes-miR-1290, but not Astrocytes-miR-1246, significantly increased CNTF
expression compared to Astrocytes-Vector (Fig. 7H-I). To examine FOXA2 expression in
astrocytes, we performed IF co-staining for FOXA2 and GFAP on the mouse brain sections.
Of the GFAP-positive (red) astrocytes, we found significantly decreased FOXA2 expression
(green) in Astrocytes-miR-1290 compared to Astrocytes-miR-1246 or Astrocytes-\Vector
(Fig. 7J-K). In summary, we report, for the first time, that tGLI1-expressing brain-metastatic
breast cancer cells secrete EV-derived miR-1290, which activates astrocytes in the brain
metastatic niche through the novel miR-1290-FOXA2-CNTF signaling axis, and that
astrocyte-secreted CNTF promotes breast cancer cell growth in the brain (Fig. 7L).

4. Discussion

In the present study, we made the following novel observations: 1) tGLI1-positive breast
cancer cells secrete EVs containing miR-1290 and miR-1246 that activate astrocytes; 2)
EV-derived miR-1290 and miR-1246 are highly enriched in BCBM, associated with poor
clinical outcomes, and upregulated by tGLI1; 3) ectopic expression of miR-1290 and
miR-1246 activates astrocytes and promotes BCSC populations, while miRNA knockdown
abrogates these effects; 4) miR-1290 and miR-1246-primed astrocytes secrete CNTF

to promote mammospheres; 5) miR-1290 and miR-1246 in astrocytes repress FOXA2
expression, a negative regulator of CNTF, resulting in increased expression of CNTF and
astrocyte activation; and 6) astrocytes activated by miR-1290 are more tumor-infiltrative
than the control astrocytes, downregulate FOXA2 expression, upregulate CNTF expression,
and promote intracranial SKBRM xenograft growth /n vivo. Together, these findings provide
novel insights into the molecular mechanisms that underlie BCBM.

We observed that tGLI1-positive breast cancer cells and tumors express higher levels

of miR-1290 and miR-1246 than tGLI1-negative/low breast cancer. We also found that
tGLI1-expressing breast cancer cells secrete increased levels of EV-derived miR-1290 and
miR-1246 to activate astrocytes. The mechanism by which tGLI1 promotes expression/
secretion of miR-1290 and miR-1246 remains unclear. Given that tGLI1 overexpression
induced intracellular expression of miR-1290 and miR-1246 whereas tGLI1 knockdown
reduced expression (Fig. 2J-L), tGLI1 transcription factor likely directly binds to the
promoter regions of miR-1290 and miR-1246, leading to transactivation. It is challenging
to identify the mechanism by which a miRNA is upregulated by a transcription factor for
multiple reasons. About 50% of miRNA genes are located in intergenic (non-protein coding)
regions and a transcription start site can be localized at 200-20,000 bases upstream of the
miRNA coding region [36]. Expression of intronic miRNAs can be regulated by the gene
promoter or promoter regions independent of the gene [36].

tGLI1-positive breast cancer cells may preferentially sort and package miR-1290 and
miR-1246 into EVs. Of note, whether tGLI1 regulates miRNA sorting and packaging into
EVs in any cell or tumor type is currently unknown. Previous work has indicated that the
Snail transcription factor regulates expression of several miRNAs through two different
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mechanisms, by directly binding to their promoter regions and by altering miRNA sorting
and packaging into EVs in colorectal adenocarcinoma [37]. Additionally, miR-1246 was
shown to be highly secreted by malignant mammary cells (Luminal B, HER2-enriched, and
TNBC) compared to the normal mammary epithelial cells, regardless of the intracellular
abundance of the miRNAs [38]. These findings suggest tumor cells may regulate miRNA
expression and regulate the sorting and release of EV-derived miRNAs. Whether tGLI1
regulates miRNA sorting and packaging into EVs warrants further investigation.

Another potential mechanism includes tGLI1’s ability to regulate miRNA processing
machinery by simultaneously upregulating factors that preferentially load miR-1290 and
miR-1246 into EVs. Whether tGLI1 regulates the miRNA processing machinery in

any cell or tumor type to alter miRNA expression is unknown. Several transcription

factors increase miRNA expression by modifying the miRNA processing machinery. For
example, the oncogenic transcription factor c-Myc not only regulates the transcription of
several miRNAs, but also the expression of Drosha, the RNAse 111 endoribonuclease that
processes pre-miRNAs, thereby mediating miRNA expression [39]. The regulatory function
of miRNAS requires Argonaute (AGO) proteins which form the miRNA-RNA-induced
silencing complexes that regulate gene expression by targeting mRNAs [14]. tGLI1 or its
targets may also increase expression of any of the four AGO proteins in the human genome
(AGO1-4) [40]. Previously, AGO2, the most predominant isoform in humans, is regulated by
both the epidermal growth factor receptor and mitogen-activated protein kinase pathways in
multiple breast cancer cell lines [41]. Further, IHC analysis of AGO2 in breast tumor tissues
revealed significantly increased positive staining in the basal-like subtype breast tumors
compared to other breast cancer subtypes, suggesting upregulated AGO2 expression may
contribute to more aggressive breast cancer phenotypes [42]. The role of tGLI1 in AGO
regulatory proteins has not been studied and should be explored in further studies.

Finally, tGLI1 may indirectly upregulate expression of miR-1290 and miR-1246, by
increasing expression of transcription factors that activate miR-1290 and miR-1246
expression. Previous work has identified that OCT4 can directly regulate the expression

of miR-1246 [43]. Since the Oct4 gene is a transcriptional target of tGLI1 [11], it is
possible that tGLI1 indirectly upregulates miR-1290 and miR-1246 through OCT4. The role
of tGLI1 in regulating miR-1290 and miR-1246 expression and secretion warrants further
investigation. Above-mentioned potential mechanisms underlying tGLI1 upregulation of
miR-1290 and miR-1246 may occur concurrently.

Our results indicate that miR-1290 and miR-1246 are highly expressed in BCBM and are
important for both BCSC growth and astrocyte activation. While these observations are
novel, previous work has reported that miR-1290 and miR-1246 contribute to lung cancer
stem cells and metastasis [44]. Further, EVs from pediatric glioma stem cells were highly
enriched in miR-1290 and miR-1246 compared to EVs from normal (neural) stem cells,
suggesting an important role of these miRNAs in gliomas [45]. miR-1290 has also been
shown to be associated with malignant phenotypes in multiple cancers including colorectal
carcinoma [23], glioma [46], oral squamous cell carcinoma (OSCC) [47], and HCC [48].
Interestingly, miR-1290 was found to be down-regulated in estrogen receptor (ER)-positive
breast tumors [49]. This is consistent with our findings (Fig. 2B) showing lower levels of
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miR-1290 in less aggressive subtypes of breast cancer. These observations suggest that ER
may inhibit miR-1290 in these ER-positive breast cancers.

We reported the novel role of miR-1246 in activating astrocytes through the FOXA2-CNTF
signaling axis. miR-1246 has been implicated in breast cancer proliferation [50], invasion
and drug resistance [50], promotion of metastasis in colorectal carcinoma [51], and invasion
in OSCC [52] and lung cancer [53]. In contrast, overexpression of miR-1246 inhibited tumor
growth and promoted apoptosis in a prostate cancer mouse xenograft model [54]. The roles
of miR-1246 in different tumor types may vary and should be examined further.

CNTF is secreted by astrocytes during neuron injury to help with survival and recovery

[55]. Of note, tumor-associated astrocytes secrete specific cytokines that drive brain- and
lung-specific metastases of TNBC cells [56]. We discovered that astrocytes stimulated by
tGLI1-positive breast cancer cells secrete CNTF, leading to astrocyte activation (an autocrine
effect). Since CNTFR-a is highly enriched in patient breast tumors and in BCBM (Fig. 5G),
astrocyte-secreted CNTF likely promotes the intracranial growth and progression of BCBM
as a paracrine effect. The CNTF-CNTFR-a pathway has been shown to play an important
role in HCC; CNTFR-a was highly expressed in HCC and CNTFR-a activation by CNTF
led to increased glucose uptake and reduced cell-cycle arrest to promote cell growth [57].
Furthermore, CNTF was shown to protect neuroblastoma cells from oxidative stress-induced
apoptosis [58].

There are currently no published reports with FOXAZ2 directly repressing expression of
CNTF in any cancer type. In normal CNS homeostasis, CNTF is expressed at low levels
[59]. However, following injury such as brain injury [60] or stroke [61], CNTF has been
shown to be upregulated in activated, GFAP-positive astrocytes. FOXA2 has important roles
in the differentiation of dopaminergic neurons in the brain and is expressed in normal
astrocytes [62]. Given that we observed upregulated CNTF to activate astrocytes and
promote mammaospheres, miR-1290 suppression of FOXA2 may be an important regulatory
mechanism in reactive astrocytes.

In this study, we uncovered the novel roles of FOXA2, a miR-1290 and miR-1246 target,
and a transcriptional repressor of CNTF, suggesting it functions as a tumor suppressor.
FOXAZ2 negatively regulates the epithelial-to-mesenchymal transition in several cancers,
including breast [58], endometrial [63], and pancreatic cancers [64]. FOXA2 is associated
with decreased metastasis in lung cancer [65], gastric cancer [66], and HCC [67]. Low
FOXAZ2 expression in GBM is predictive of poor survival and associated with adverse events
in patients who received chemotherapy or radiotherapy [68]. In contrast, several studies
reported that FOXAZ2 can play a tumor-promoting role. FOXAZ2 has been correlated with
TNBC proliferation and stemness and is associated with increased relapse [69]. In the brain,
FOXAZ2 is important for development and maintenance of dopaminergic neurons [70] and
mediates the SHH pathway by negatively or positively regulating SHH pathway components
[71]. These mixed results suggest that the functionality of FOXAZ2 is complex and likely
tumor type- and cell context-dependent.

Cancer Lett. Author manuscript; available in PMC 2023 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sirkisoon et al.

Page 13

In summary, this study demonstrates the novel role that EV-derived miR-1290

and miR-1246 play in activating astrocytes in the brain through the novel
miR-1290/1246—FOXA2—CNTF signaling axis. Additionally, astrocytes activated by
miR-1290 have the ability to promote progression of established breast cancer brain
metastases. Together, our results shed new light on the functionality of EV-derived
miR-1290 and miR-1246, and mechanisms by which brain-metastatic breast cancer primes
astrocytes in the brain to facilitate breast cancer brain metastasis.
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Fig. 1. Breast cancer-derived miR-1290- and miR-1246-containing extracellular vesicles activate
astrocytes.
(A-B) Astrocyte activation by CM from 231-tGLI1 cells, as detected by GFAP

immunofluorescence. Control astrocytes were incubated with FBS-free media. (A)
Quantification of percent GFAP positive cells. (B) Representative images with 10x
magnification. (C-D) Size exclusion chromatography of CM from 231-tGLI1 cells. (C)
Schematic of extracellular vesicle (EV) or protein elution from size exclusion column
and protein quantification of each fraction. Orange box indicates pooled EV fractions and
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green box indicates pooled protein fractions. (D) NTA of isolated EVs. (E) EV uptake
assay. Image of astrocytes after overnight stimulation with CD63-GFP labeled EVs. 100x
magnification. Scale bar indicates 5 um. (F-G) Astrocyte activation, indicated by GFAP
immunofluorescence, using EV or protein fractions. (F) Quantification of percent GFAP-
positive astrocytes. (G) Representative images in 10x magnification. (H) Schematic of the
miRNA microarray of isolated EV-derived miRNAs from 231-tGLI1 and 231-Vector cells.
() Differentially expressed miRNAs identified from the miRNA microarray. Microarray
data was analyzed using the limma package and visualized using the Enhanced Volcano
package in R. (J) RT-gPCR of secreted EV-derived miRNAs from 231-Vector and 231-
tGLI1 cells. Student’s #test was used in Panels A, F, and J to compute p-values. N = 3
experimental replicates.
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Fig. 2. EV-derived miR-1290 and miR-1246 are highly expressed in metastatic breast cancer
patient sera, associated with poor clinical outcomes, enriched in BCBM, and upregulated by
tGLI1.

(A) MIiRNA expression in sera of healthy individuals (non-cancer) compared to breast
cancer patients (GSE73002). (B) Expression of miRNAs in breast cancer patient tumors
with known subtype information (GSE86278). LumA, luminal A. LumB, luminal B. TNBC,
triple-negative breast cancer. (C) MiRNA expression in sera of breast cancer patients
without metastases (No Mets) compared to those with metastases (Mets; GSE68373). (D)
MiRNA expression in primary breast tumors and matched brain metastases (GSE37407).
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(E-F) Kaplan-Meier curves showing overall survival and metastasis-free survival (MFS)
of breast cancer patients with low versus high miRNA expression (GSE40267). Log-Rank
(Mantle-Cox) test was used to compute p-values. (G) MiRNA expression in EVs from
SKBRM-Vector and SKBRM-tGLI1 cells. (H) NTA of isolated EVs. (1) Correlation of
tGAS and miR-1290/miR-1246 gene signatures. Pearson correlation was used to calculate
p-values. (J) Intracellular expression of miR-1290 and miR-1246 in isogenic MDA-MB-231
cell lines. (K) RT-gPCR to validate effective and selective tGLI1 knockdown by tGLI1 AS-
ON in SKBRM cells. (L) tGLI1 knockdown reduced miR-1290 and miR-1246 expression.
(M) Expression of EV-derived miR-1290 and miR-1246 in sera of mice carrying SKBRM
BCBM with or without tGLI1 knockdown. Serum was harvested from mice 25 days post
inoculation. Students #test was used in Panels A-D, G, and J-M. N = 3 experimental
replicates.
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Fig. 3. Breast cancer-derived miR-1290 and miR-1246 activate astrocytes, which promote breast
cancer stem cells.
(A) Higher levels of EV-miR-1290 and miR-1246 in the serum of human breast cancer

patients with only brain metastases (Brain Met; N = 9) compared to those with no metastases
(No Met; N = 11). (B) NTA of isolated EVs. (C-D) miR-1290 and miR-1246 expression in
EVs from CM of parental lines (MDA-231 and SKBR3) relative to brain-tropic lines (231-
BRM and SKBRM). (E) Activation of astrocytes by miR-1290 and miR-1246 as indicated
by GFAP immunofluorescence. (F) CM of miR-1290- and miR-1246-activated astrocytes
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promotes SKBRM mammosphere formation. 5x magnification. Scale bar indicates 100 um.
(G) Ectopic expression of miR-1290- and miR-1246 mimics promotes SKBR3 and CN34
mammosphere development. 5x magnification. Scale bar indicates 100 um. (H) Ectopic
expression of miR-1290 and miR-1246 increased mRNA expression of four stemness genes
in SKBR3 cells as indicated by RT-qPCR. (1) CM from SKBR3 cells overexpressing
miR-1290 or miR-1246 activated astrocytes as indicated by GFAP immunofluorescence.
Scale bar indicates 100 um. Student’s #test was used in Panels A, C-D, H to derive p-values.
One-way ANOVA was used in Panels E-G, | to compute p-values. N = 3 experimental
replicates.
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Fig. 4. miR-1290 and miR-1246 inhibition decreases astrocyte activation and mammosphere

formation.

(A) GFAP expression in astrocytes stimulated by CM from SKBRM cells overexpressing
tGLI1 with miR-1290 or miR-1246 inhibitors (SKBRM-tGLI1-miR-Off-1290 or -1246).
10x magnification. (B) Mammaosphere assay of SKBRM-tGLI1-miR-Off-Control, =1290, or
—1246 cells. 5x magnification. Scale bar indicates 100 um. (C-D) RT-gPCR of miR-1290
and miR-1246 target genes, respectively, in SKBRM-tGLI1-miROff-1290 (Off-1290) and
miR-1246 (Off-1246). One-way ANOVA was used in Panel A-B to compute p-values.
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Student’s #test (two-tailed) was used in Panels C-D to derive p-values. N = 3 experimental
replicates.
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Fig. 5. miR-1290- and miR-1246-activated astrocytes secrete CNTF to promote breast cancer
stem cells.

(A) Schematic of cytokine array assay. Table of top secreted cytokines and growth factors
from astrocytes overexpressing miR-1290 and -1246 compared to control astrocytes. (B)
Astrocytes secreted more CNTF in the presence of CM from SKBRM-tGLI1 cells as
indicated by CNTF ELISA. (C) CNTF mRNA expression in astrocytes overexpressing
vector, miR-1290, and miR-1246 using RT-gPCR. (D) CNTF protein expression in
astrocytes overexpressing vector, miR-1290, and miR-1246 as indicated by Western
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blot analysis with quantification. (E) CNTF activated astrocytes as indicated by GFAP
immunofluorescence. Human astrocytes were stimulated with or without 100 ng/mL of
CNTF. 10x magnification. (F) CNTF increased mammaosphere formation of SKBRM
cells. 5x magnification. Scale bar indicates 100 um. (G) Expression of CNTFR-a in
normal breast tissue, breast cancer, and BCBM. (H-1) Kaplan-Meier plot of brain

MFS using with CNTF and CNTFR gene signatures in breast cancer GEO datasets
(GSE3740/40267/68373/73002/86278/158309). Log-Rank (Mantle-Cox) test was used in
Panels H-I. Student’s #test was used in Panels B-G to compute p-values. N = 3
experimental replicates.
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Fig. 6. miR-1290 and 1246 upregulate CNTF expression through reducing expression of FOXA2

in astrocytes.

(A) Predicted miR-1290 and miR-1246 binding sites in the 3"-UTR of FOXA2 from
Targetscan. (B) FOXA2 mRNA expression was reduced in astrocytes overexpressing
miR-1290 and miR-1246. (C) FOXAZ2 protein expression was decreased in astrocytes
transfected with miR-1290 and miR-1246 mimics as indicated by western blotting.

(D) FOXA2 3’-UTR luciferase reporter activity was significantly lower in astrocytes
overexpressing miR-1290 or miR-1246. (E) Ectopic expression of FOXA2 reduced CNTF
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MRNA expression in astrocytes as indicated by RT-qPCR. (F) Ectopic expression of FOXA2
decreases CNTF protein expression in astrocytes as indicated by western blotting. (G)
FOXAZ2 binds to the human CNTF gene promoter in astrocytes as shown by ChIP-qPCR.
(H) CNTF gene promoter activity was suppressed by miR-1290 or miR-1246 in astrocytes
as indicated by dual luciferase reporter assay. (1) Schematic illustration of the novel EV-
derived miR-1290/1246—FOXA2—CNTF signaling axis that leads to astrocyte activation
and breast cancer aggressiveness. Students #test was in Panels B, D-E, G-H to compute
p-values. N = 3 experimental replicates.
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Fig. 7. miR-1290-expressing astrocytes promote intracranial colonization and growth of brain-
tropic breast cancer cells in vivo.
Isogenic SKBRM breast cancer lines and isogenic astrocyte lines were co-implanted into

the mouse brain and imaged weekly via an IVVIS imager. Brain resection and blood serum
collection occurred at humane endpoint or end of study. Ten mice per group were used.
Group 1: SKBRM + Astrocytes-Vector (Vector); Group 2: SKBRM + Astrocytes-miR-1290
(miR-1290); and Group 3: SKBRM + Astrocytes-miR-1246 (miR-1246). (A) Experimental
design. (B) Bioluminescence measuring tumor growth throughout the study. Two-way
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ANOVA was used to compute p-values. (C) Representative 1VVIS images at Day 27. (D)
Circulating EV-miR-1290 and miR-1246 isolated from mouse serum using RT-gPCR. (E)
Ki-67 IHC. (F) Tumor-infiltrating, activated astrocytes as indicated by GFAP IHC. (G)
Representative IHC images at 20x magnification. Scale bar indicates 100 pm. (H) CNTF
IHC of mouse brain sections. () Representative CNTF IHC images at 20x magnification.
Scale bar indicates 100 um. (J) IF co-staining of FOXA2 and GFAP in mouse brain sections.
(K) Representative FOXA2 and GFAP IF images at 20x magnification. “T” indicates
intracranial tumor. Scale bar indicates 100 um. (L) Schematic of described mechanism by
which tGLI1 upregulates EV-derived miR-1290 to activate astrocytes, increase CNTF, and
promote breast cancer cell growth in the brain. Students #test was used in Panels D-F, H,
and J to calculate p-values. N = 5 experimental replicates.
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