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ABSTRACT
◥

The development of efficacious therapies targeting metastatic
spread of breast cancer to the brain represents an unmet clinical
need. Accordingly, an improved understanding of the molecular
underpinnings of central nervous system spread and progression
of breast cancer brain metastases (BCBM) is required. In this
study, the clinical burden of disease in BCBM was investigated, as
well as the role of aldehyde dehydrogenase 1A3 (ALDH1A3) in
the metastatic cascade leading to BCBM development. Initial
analysis of clinical survival trends for breast cancer and BCBM
determined improvement of breast cancer survival rates; how-
ever, this has failed to positively affect the prognostic milestones
of triple-negative breast cancer (TNBC) brain metastases (BM).
ALDH1A3 and a representative epithelial–mesenchymal transi-
tion (EMT) gene signature (mesenchymal markers, CD44 or

Vimentin) were compared in tumors derived from BM, lung
metastases (LM), or bone metastases (BoM) of patients as well as
mice after injection of TNBC cells. Selective elevation of the EMT
signature and ALDH1A3 were observed in BM, unlike LM and
BoM, especially in the tumor edge. Furthermore, ALDH1A3 was
determined to play a role in BCBM establishment via regulation
of circulating tumor cell adhesion and migration phases in the
BCBM cascade. Validation through genetic and pharmacologic
inhibition of ALDH1A3 via lentiviral shRNA knockdown and a
novel small-molecule inhibitor demonstrated selective inhibition
of BCBM formation with prolonged survival of tumor-bearing
mice. Given the survival benefits via targeting ALDH1A3, it may
prove an effective therapeutic strategy for BCBM prevention and/
or treatment.

Introduction
Globally, breast cancer is the most frequently diagnosed cancer and

the leading cause of cancer mortality in women; ultimately approx-
imately 12% of women within the United States will be diagnosed over
the course of their lifetimes (1). Breast cancer brain metastases
(BCBM) represent a late stage in breast cancer progression; current
therapeutic options demonstrate limited efficacy resulting in overall
survival (OS) on the order of months (1, 2). The incidence of BCBM
continues to increase, due in part to improvedmanagement of primary
breast cancer and subsequent prolongation of survival (1, 2). Unfor-
tunately, recently developed targeted therapies that control primary
disease in breast cancer have diminished efficacy against metastatic

brain lesions (1, 2). It is also prudent to note that disparities exist in the
prognostication of breast cancer with regard to tumor receptor pos-
itivity [i.e., HER2þ, estrogen (ERþ), and progesterone (PRþ); ref. 1].
Inherently, triple-negative breast cancer (TNBC) more frequently
progresses to BM as compared with other breast cancer subtypes and
is associated with an extremely poor prognosis following BCBM
establishment (3–5).

Although the precise governing biology of BCBMremains to be fully
elucidated, previous studies have demonstrated the existence of
molecular signatures distinct to tumors which have metastasized to
and ultimately colonized the brain (6–9). However, these advances
have failed to translate to actionable biomarkers and/or molecular
targeted therapies for BCBM (10). The poor prognosis also relates to
BCBM cell's aggressive proliferation compared with breast cancer cells
that colonize other organs (e.g., lung, bone, etc.; refs. 11, 12), suggesting
that breast cancer cells acquire brain-primed properties potentially via
bidirectional interplay with the blood–brain barrier (BBB) and/or
brain microenvironment. Previous genomic characterization of BM
has demonstrated that metastatic and primary tumors share a com-
mon ancestor, yet continue to evolve independently (i.e., branched
evolution; ref. 13). Interestingly, those findings also suggested that
clinically actionable alterations present in BCBM are often absent in
primary breast biopsies (13).

The establishment of BM has been described as a cascade involving
primary breast cancer cell invasion into feeding vessels, dissemination/
survival through the circulatory system, adhesion to brain vascular
endothelial cells, and extravasation for colonization and ultimately
propagation within the brain (14, 15). Arrest of circulating tumor cells
(CTC) at branches of capillaries denotes the first step in the transmi-
gration process (16). Active adhesion between CTCs and the vascular
wall is required for efficient extravasation, though narrow capillary size
alone is capable of ensnaring CTCs (17). Following adhesion, extrav-
asation of CTCs involves massive endothelial remodeling with encap-
sulation of single cells or clusters of arrested CTCs by the formation of
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endothelial domes (17). Finally, astrocytes produce inflammatory
factors and support colonization/propagation via the activation of
STAT1 and NF-kB pathways in BM cells (18).

Cancer stem cells (CSC) have been demonstrated to play a critical
role in the initiation of metastasis, whereas other studies have sug-
gested that ALDH-positive cells exhibit stem cell–like properties, thus
indicating a potential role in metastatic cascade (19–21). Also, it has
been reported that both CD44þ/CD24� and ALDH1þ breast CSCs are
enriched inTNBCandmay contribute to chemotherapy resistance and
tumormetastasis of TNBC (22, 23). Interestingly, our previous work in
glioblastoma (GBM) has suggested that ALDH1A3 and CD44 expres-
sions are correlated with the aggressive and radioresistant mesenchy-
mal (MES) subtype as comparedwith the proneural (PN) subtype (24).

Herein, we sought to identify a novel molecular signature of BCBM
in an effort to develop and ultimately engage therapeutic targets such
as ALDH1A3. In so doing, we have demonstrated that ALD1A3 is
involved in core aspects of BCBM and can be effectively engaged via a
novel small-molecule inhibitor (i.e., MF-7).

Materials and Methods
Ethics

All work related to human tissue was performed at the University of
Alabama at Birmingham (UAB) under an Institutional Review Board–
approved protocol (N150219008) compliant with guidelines set forth
byNIH. Patients gave informed, written consent for use of their tissues
as appropriate in accordance with this permission, and the study
protocol conformed to the Declaration of Helsinki. Patient-derived
specimens were provided to the corresponding scientists after dei-
dentification of the original tumors.

Drugs
The chemical structures of test compounds MF-7 and GA11are

found in Fig. 6A. They were synthesized as outlined in Supple-
mentary Fig. S1. The commercially available 5-bromopyridin-2-
amine (1.00 mmol) was reacted with 2-bromo-1-phenylethan-1-one
(1.20 mmol) and potassium carbonate (1.20 mmol) in refluxing
ethanol to give the key intermediate 6-bromo-2-phenylimidazo[1,2-
a]pyridine. Treatment of the intermediate (1.00 mmol) with the
suitable phenylboronic acid (1.50 mmol), in the presence of Pd
(OAc)2 (0.10 mmol), PPh3 (0.20 mmol), and 2 mL of Na2CO3 2M,
in toluene solution, afforded the target inhibitors, MF7 and GA11.
Crude compounds were purified by column chromatography (silica
gel, ethyl acetate/petroleum ether), recrystallized from the suitable
solvent, and characterized by physio-chemical and spectroscopic
data (Supplementary Table S1).

Cell culture
MDA-MB-231 (MDA-231) cells were purchased from the ATCC,

and MDA-MB-468 (MDA-468) cells were kindly provided by Dr.
Amdra R. Frost (UAB). We established a metastatic murine model via
the cardiac injection of MDA-MB-231 and MDA-MB-468 using
immunocompromised mice (SCID Beige) and then produced a series
of derivative cell lines from the resultant tumors within the brain (231-
BM and 468-BM), lung (231-LM), or bone (231-BoM). These cells
were grown in advanced RPMI 1640 medium (Gibco) supplemented
with 1% penicillin/streptomycin, 10% FBS (Atlanta Biologics), and
100x L-glutamine (Gibco). HBEC cells were purchased from theATCC
and cultured in DMEM/F12 medium (Gibco) supplemented with
endothelial cell growth factor (Millipore). Cell lines were screened
for Mycoplasma every 4 months.

Plasmid transfection and lentiviral/retroviral transduction
Lentiviral vectors expressing shRNA for ALDH1A3 were pur-

chased from Sigma. Lentiviruses were produced as has been pre-
viously described (25). Briefly, 293T cells (Invitrogen) were cotrans-
fected with pLKO.1 vector encoding the shRNA and the helper
plasmids for virus production (psPAX2 and pMGD2) using calcium
phosphate (Clontech). Lentivirus was harvested at 72 hours after
transfection and concentrated 100-fold using Lenti-X concentrator
(Clontech). Viral transduction was performed with polybrene
according to the manufacturer's protocol. shRNAs targeting
ALDH1A3 were produced based on the following clones (Sigma)
(shALDH1A3 clone 1: CCGGGCAACCA-ATACTGAAGTTCAA-
CTCGAGTTGAACTTCAGTATTGGTTGCTTTTT; shALDH1A3
clone 2: CCGGGCCGAATACACAGAAGTGAAACTCGAGTTT
CACTTCTGTGTATTCGGCTTTTT).

siRNA
One day before transfection, dissociated cells (4 � 105 cells) were

plated in medium without antibiotics. After diluting lipofectamine
RNAiMAX reagent in Opti-MEM medium (Gibco) and the desired
concentration of siRNA (100 nmol/L) in Opti-MEM medium, both
mixtures were combined (1:1 ratio) and incubated at room temper-
ature (RT) for 5minutes. The siRNA–lipid complex was added to each
well and incubated for 6 hours. Experiments were performed 72 hours
after transfection.

RNA isolation and qRT-PCR
Total RNAwas extracted using RNeasy mini kit (Qiagen) as per the

manufacturer's instructions. RNA concentration was determined
using Nanodrop One (Thermo Scientific). cDNAs were synthesized
using iScript reverse transcription supermix (Bio-Rad) according to
the manufacturer's protocol. qRT-PCR was performed on StepOne-
Plus thermal cycler (Thermo scientific) with SYBR Select Master Mix
(Thermo scientific). GAPDH was used as an internal control. Primer
sequences are shown in Supplementary Table S2.

Western blotting
Western blotting (WB) was performed as has been previously

described (26). Antibodies against ALDH1A3 (rabbit, Sigma), CD44
(mouse, Cell Signaling Technology), Vimentin (rabbit, Cell Signaling
Technology), and b-actin (mouse, Cell Signaling Technology) were
used. Staining was visualized with Amersham ECL Western Blot
System (GE Healthcare).

IHC and immunofluorescence
IHC and immunofluorescence (IF) were performed as previously

described (27). For IHC, signals were detected using theDAB substrate
kit (Vector). For double staining, donkey IgG H&L (alkaline phos-
phatase) preadsorbed antibody (Abcam) was used for the targeted
primary antibody as a secondary antibody and detected by the liquid
fast-red substrate kit (Abcam). The primary antibodies used in this
study were as follows: anti-CD44 (mouse, Cell Signaling Technology),
anti-Vimentin (mouse, Cell Signaling Technology), and anti-
ALDH1A3 (rabbit, Sigma). For IF, primary antibodies were visualized
with Alexa Fluor 488 (green)– or 555 (red)–conjugated secondary
antibodies (Cell Signaling Technology). Nuclei were counter-stained
with Hoechst 33258 (Thermo Fisher).

Cell viability assay
Viability of GBM cells was determined using an AlamarBlue assay

(Thermo Fisher Scientific). Briefly, cells were seeded at 3,000 cells per
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well in a 96-well plates (excitation at 515–565 nm and emission at 570–
610 nm were the parameters employed); a Synergy HTX multi-mode
reader (BioTek) was utilized for all experiments.

Adhesion assay
Coverslips placed in a 24-well plate were coated with laminin

(Sigma) diluted in PBS (1:100) for 3 hours. HBEC cells were then
seeded on these coverslips and allowed to grow to approximately 90%
confluency. Tumor cells were labeled by incubating with MPIO-GFP
(Bangs lab) for 24 hours and allowed to adhere to themonolayer for 30
minutes. After washing off the nonadherent cells, coverslips were fixed
with 4% paraformaldehyde (PFA).

Migration assay
Transwell inserts were coated with 0.2% gelatin (Sigma) for a

minimum of 30 minutes and placed in 24-well plate. HBEC cells
(4� 104) were applied to upper chamber of the inserts and allowed to
grow for 3 days. Tumor cells were labeled by incubating with MPIO-
GFP for 24 hours and applied (4� 104), seeded on the upper chamber,
and incubated for 24 hours. Inserts were washed with PBS, fixed with
4% PFA for 20 minutes, and washed with PBS twice. The inserts were
removed from the plate, and nonmigrated cells were scraped off with
cotton swabs. Membranes were cut from the inserts, placed the lower
side up, and mounted with prolong gold antifade reagent on a
microscope slide.

Brain slice assay
After labeling with MPIO-GFP (Bangs lab) for 24 hours, 1 � 105

tumor cells were injected into the left ventricle of mouse hearts.
Mice were sacrificed at 1 hour following intracardiac injection, and
brains were placed in a dish containing ice-cold Hank's Balanced
Salt Solution on ice. Brains were then embedded with 6% agarose gel
and placed on ice-cold stainless-steel brain matrices (0.5 mm,
Coronal, 40–75 g) before sectioning. Vessels in brains were stained
with anti-collagen IV antibody (rabbit, Millipore) followed by Alexa
Fluor 555 (red)–conjugated secondary antibodies (Cell Signaling
Technology).

Aldefluor assay by fluorescence-activated cell sorting
The ALDEFLUOR kit (StemCell Technologies) was used to

isolate populations with high ALDH enzymatic activity according
to the manufacturer's protocol via a FACS Aria III (BD Bioscience).
Briefly, cells were incubated in ALDEFLUOR assay buffer contain-
ing an ALDH substrate (1 mmol/L per 1 � 106 cells) for 30 minutes
at RT. Each sample of cells was also stained with 150 mmol/L of
diethylaminobenzaldehyde, a specific inhibitor of ALDH, as a
negative control.

Animal experiments
All animal experiments were performed at the UAB under an

Institutional Animal Care and Use Committee–approved protocol
(#20290) in accordance with NIH guidelines. Immunocompromised
mice (SCID Beige) were purchased from Charles River. For intracar-
diac injection, mice were anesthetized with ketamine/xylazine and
fixed in place. The needle was inserted into the left ventricle of the heart
properly from the under-costal space. When blood was observed
pumping into the needle tube, we began to slowly inject the cell
solution. Mice were placed on the stage warmed at 37�C until they
were fully awake. For intracranial injection, dissociated breast cancer
cells were stereotactically injected into the striatum of mice as
described (28).

Bioluminescence imaging and MRI
Bioluminescence imaging (BLI) was performed as previously

described (26). Mice were injected i.p. with 2.5 mg/100 mL solution
of XenoLight D-luciferin (PerkinElmer). The tumor luciferase images
were captured using an IVIS 100 imaging system (PerkinElmer)
10 minutes after injection of substrate. We also imaged mice with a
9.4TMRI system, Biospec 94/20 (Bruker).Micewere anesthetizedwith
isoflurane, and temperature was maintained via a heated circulating
water system during the studies; respiration was monitored with a
system from SA Instruments.

RNA sequencing analysis
Briefly, cDNA libraries for paired end sequencing were prepared

using TruSeq StrandedmRNA-Seq Library Preparation Kit (Illumina)
according to the manufacturer's protocol. Samples were sequenced
with an IlluminaHiSeq 2000 system (Illumina), and 100 bp paired-end
reads were generated. The raw sequencing and processed data have
been submitted to Gene Expression Omnibus with accession number
(GSE138361). Sequence reads in fastq format were imported into a
local instance of galaxy (galaxy.uabgrid.uab.edu). STAR (version
2.5.3a) was used to align the raw RNA-Seq fastq reads to the human
reference genome from Gencode (GRCh38 Release 25; ref. 29).

Gene expression data analysis
Gene set enrichment analysis (GSEA) was performed using avail-

able online software (http://software.broadinstitute.org/gsea/index.
jsp). Gene Ontology (GO) enrichment analysis also was performed
using available website (http://geneontology.org/).

Statistical analyses
Statistical analysis was performed using XLSTAT 2018.5, SPSS

statistical package version 25, and Graphpad Prism 7.0 software. All
data were presented as themean� SD. P values < 0.05 were considered
statistically significant. Statistically significant differences in Kaplan–
Meier survival curves were determined by the log-rank analysis.

Results
Reduced OS of TNBC BM

To investigate the clinical impact of BCBM in comparison with
primary breast cancer and breast cancermetastases to other organs, we
performed analyses of patient OS before and after metastasis. Based on
the Centers for Disease Control and Prevention (CDC) database
(https://gis.cdc.gov/Cancer/USCS/DataViz.html), there has been a
rising trend in breast cancer annual incidence; however, annual deaths
have markedly decreased (Fig. 1A). Five-year survival in breast cancer
has also demonstrated a positive trend over the past four decades
(Supplementary Fig. S2). Followingmeta-analysis of clinical data from
recent studies, we determined that despite reports of elevated incidence
of BCBM in HER-2þ breast cancer (41%), patient OS in HER-2þ

BCBM is progressively improving, whereas TNBC BM shows signif-
icantly worse prognosis with no observable survival benefit over the
past decade (Fig. 1B; Supplementary Table S3; refs. 3–5, 30–41).
Collectively, these data demonstrate the significant challenges encoun-
tered in the clinical application of existing treatment paradigms and in
novel therapeutic development for BCBM.

ElevatedMESmarkers in BCBMpatientmatched brain, lung, and
bone metastatic tumors

Recent studies, including our own (24), have identified that epi-
thelial–mesenchymal transition (EMT) of brain tumor cells plays a
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Figure 1.

Mortality, ALDH1A3, and MESmarker expressions elevated in BCBM.A, Survival analysis of patients with breast cancer based on annual rates of incidence and death
from 1999 to 2015, according to theCDCdatabase.B, Survival analysis of patientswith BCBMcomparingOSof TNBC,HER2þ, Numinal, andBCBMsubtypes from2006
to 2018, analyzed and compiled from clinical findings of recent peer-reviewed publications (3–5, 30–42). C, Representative MRI of BCBM patient 8 (P8) prior to
surgical resection of BM. D, Postoperative MRI of BCBM P8 following surgical resection of BM. E, IHC for ALDH1A3 (left), CD44 (middle), and Vimentin (right) in BM,
LM, and BoM in human breast cancer specimens from patients P6 and P8. Scale bar, 100 mm. F, Intensity score analysis comparing ALD1A3 (left), CD44 (middle), and
Vimentin (right) expressions in BM and LM/BoM. � , P < 0.05; ��� , P < 0.001.
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critical role in their malignant transformation and ultimate resistance
to therapy. To clarify the relationship between the three EMT-
representative proteins (ALDH1A3, CD44, and Vimentin) and BM,
we compared their expression in tumor tissue derived from organs
which were seeded by breast cancer [i.e., BM, lung metastasis (LM),
and bone metastasis (BoM)] of matched patients. None of the patients
displayed metastasis to all three organs and as such we compared the
expression between either BM and LM (patient 8) or BM and BoM
(patient 6); a preoperative MRI displayed findings typical of BM in
patient 8, followed by tumor resection (Fig. 1C and D). IHC staining
determined that ALDH1A3 was highly expressed in BM, whereas
expression levels ofALDH1A3were significantly lower in both LMand
BoM (Fig. 1E and F; Supplementary Fig. S3). This trend was, to some
extent, observed by IHC for CD44 and Vimentin (Fig. 1E and F;
Supplementary Fig. S3). These findings indicate that breast cancer cells
convert to anMES phenotype whenmetastasizing to the brain, but not
lungs or bones, accompanied by strong induction of ALDH1A3
expression.

Elevated ALDH1A3, CD44, and Vimentin expression in BCBM
mouse models and BM-forming cell lines

To further evaluate the signature of metastasized breast tumors, we
established a metastatic murine model via the cardiac injection of
human TNBC cells; MDA-MB-231 (MDA-231) and MDA-MB-468
(MDA-468) using immunocompromised mice (SCID Beige). IHC
examining resultant metastatic tumors demonstrated that BMs
express ALDH1A3, CD44, and Vimentin at markedly higher levels
in comparison with their LM and BoM counterparts (Fig. 2A; Sup-
plementary Fig. S4A). These findings indicate that BCBM murine
mouse models faithfully recapitulate the ALDH1A3 and MES marker
expression previously noted in human BCBM.

From the resultant tumors within the brain, lung, or bone, we
produced a series of derivative cell lines and performed RNA
sequencing (RNA-seq) of these tumor cells. Subsequent principal
component analysis (PCA) of MES gene expression profiles from
these derivative lines demonstrated that those cells derived from
BM are in fact distinct from primary, LM, and BoM; heatmap
analysis of 373 EMT-representative genes does confirm this
(Fig. 2B and C; Supplementary Table S4). We selected 13 genes
that overlapped between 373 EMT-representative genes and our 31
MES gene set in GBM and performed qPCR. Note that 231 BM
showed different expression pattern and highly expressed
ALDH1A3, CD44, and Vimentin as compared with cells obtained
from primary and other metastatic sites (Fig. 2D and E; Supple-
mentary Fig. S4B). Fluorescence-activated cell sorting (FACS)
further confirmed elevated ALDH1A3 expression in 231-BM on
the cellular level, compared with MDA-231 (Fig. 2F; Supplemen-
tary Fig. S4C). WB and IF also showed the difference in expression
of ALDH1A3 at the protein level (Fig. 2G and H). CD44 and
Vimentin protein levels were consistently higher in BM, supporting
the qRT-PCR results (Supplementary Fig. S4D). Collectively, our
data indicate that these mouse models of breast cancer–derived
metastases faithfully recapitulate the MES phenotype of human
disease, further supporting the notion that ALDH1A3 is selectively
upregulated in BMs compared with primary lesions and/or other
metastases of breast cancers.

ALDH1A3 and CD44 display spatially and temporally distinct
expression profiles

Given the elevated expression of the MES markers (ALDH1A3,
CD44, and Vimentin) in BM tissues, we sought to determine the

intratumoral spatial distribution and temporal change of these mar-
kers throughout the course of initiation and propagation of BM
tumors. In sharp contrast to CD44 expression, ALDH1A3 expression
was noted to a greater extent at the tumor-stromal cell boundary
(Fig. 3A and B; Supplementary Fig. S5).

Of note, the intensity of ALDH1A3 expression was substantially
higher at the infiltrating edges compared with the core of the tumor,
indicating that ALDH1A3 may play some role in expansion and/or
invasion of BM cells into the brain parenchyma (Fig. 3C). To
evaluate the temporal changes of ALDH1A3 and CD44 expression
from the time of colonization to tumor cell expansion, we inves-
tigated ALDH1A3 and CD44 expression in the brain at several time
points (i.e., 7, 14, and 28 days) following intracardiac injection of
MDA-231. IHC revealed that ALDH1A3 expression was detectable
as early as 7 days, whereas CD44 expression gradually increased
between days 14 and 28 (Fig. 3D and E). These data suggest that
ALDH1A3 may play a role in the early/initial phases of BM
formation (i.e., in the transition from circulating breast cancer cells
to tumor).

ALDH1A3 plays roles in cell adhesion and migration of
circulating breast cancer cells

Because ALDH1A3 is preferentially expressed by BM lesions
(Fig. 1), we investigated whether ALDH1A3 drives establishment of
BM by circulating breast cancer cells. We employed a gene silencing
strategy using lentiviral infection with shRNA targeting ALDH1A3 in
MDA-231 and MDA-468 cells. qRT-PCR analysis for relative expres-
sion of ALDH1A3 in infected MDA-231 and MDA-468 cells con-
firmed downregulation of ALDH1A3 in these two cell lines (Fig. 4A).
shRNA-mediated gene silencing of ALDH1A3 resulted in attenuated
cell proliferation of MDA-231 and MDA-468 cells (Fig. 4B). Com-
parative analysis for adhesion capacity in shALDH1A3- or shNT-
infected MDA-231 and MDA-468 cells demonstrated significantly
reduced adhesion ability following ALDH1A3 knockdown (Fig. 4C;
Supplementary Fig. S6A). Similarly, a migration assay comparing
shNT- and shALDH1A3-infected MDA-231 and MDA-468 cells
demonstrated significantly reduced migration ability following
ALDH1A3 knockdown (Fig. 4D; Supplementary Fig. S6B). In line
with such findings, GO enrichment analysis comparing sh/siNT or
sh/siALDH1A3 MDA-231 cells demonstrated significant downre-
gulation of gene sets associated with cell–cell adhesion, cell junc-
tion, and extracellular matrix (Fig. 4E). GSEA comparing ECM
receptor interaction in sh/siNT- and sh/siALDH1A3-infected
MDA-231 cells demonstrated inhibition of this pathway following
ALDH1A3 knockdown (Fig. 4F). These data strongly suggest that
ALDH1A3 plays roles in the cell adhesion and migration of
circulating breast cancer cells.

Next, we sought to establish a means of visualizing and monitoring
the initial phase of BM formation. To this end, we developed brain
slices utilizingmice that received intracardiac injection of GFP-labeled
MDA-231 cells. Interestingly, GFP signals were already detected in the
capillaries of these mouse brains at 2 hours after intracardiac injection
(Fig. 4G). For validation of these findings, we performed intracardiac
injection of shNT or shALDH1A3 MDA-231 cells labeled with
ultrasmall superparamagnetic iron oxide nanoparticles, followed by
T1 weighted MRI at 2 hours and 8 days. MRI demonstrated substan-
tially decreased metastatic foci as early as 2 hours and to a lesser extent
at 8 days, in the shALDH1A3 group (Fig. 4H). Collectively, these data
indicate that circulating breast cancer cells rapidly colonize in the brain
to form metastases in an ALDH1A3-dependent manner as early as
2 hours following intracardiac injection.
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Figure 2.

TNBC xenograftmicemodels phenocopy expression patterns of humanbreast cancermetastases.A, IHC ofmice BM (top), LM (middle), and BoM (bottom) following
intracardiac injection ofMDA-231 cells forALDH1A3 (left), CD44 (middle), andVimentin (right). Scale bar, 100mm.B,PCAofMDA-231 (orange,n¼ 2), 231-BM (red, n¼
1), 231-LM (blue, n¼ 1), and 231-BoM (green,n¼ 1) cells via RNA-seq.C,Clustered heatmapof RNA-seqdata inMDA-231 (n¼ 2), 231-BM (n¼ 1), 231-LM (n¼ 1), and 231-
BoM (n ¼ 1) cells. D, Clustered heatmap of qRT-PCR data of 13 MES genes in MDA-231, 231-BM, 231-LM, and 231-BoM cells. E, qRT-PCR analysis for expression of
ALDH1A3, CD44, and VIM in MDA-231, 231-BM, 231-LM, and 231-BoM cells. Data are mean � SD (n ¼ 3). �� , P < 0.01; ��� , P < 0.001. F, FACS comparing ALDH1A3
expression inMDA-231 and231-BM.Data aremean� SD (n¼ 3 forDEABþ;n¼ 5 forDEAB�). �� ,P<0.01.G, IF staining forALDH1A3expression inMDA-231 and231-BM
cells. Nuclei were counterstained with Hoechst (blue). Scale bar, 20 mm. H, WB for ALDH1A3 expression in MDA-231 and 231-BM cells. b-Actin utilized as internal
control.
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Figure 3.

ALDH1A3 and CD44 display spatially and temporally distinct expression patterns. A, IHC of 2 human BCBM patient specimens for ADLH1A3 expression (red) and
CD44 expression (brown) at the tumor-stromal cell boundary (middle) and tumor core (lower). Scale bars, 200 mm (top) and 20 mm (middle and bottom). B,
Percentage of stained area of ALDH1A3 and CD44 in A. Data are mean � SD (n ¼ 3). � , P < 0.05; �� , P < 0.01; and ��� , P < 0.001. C, IHC of mice brains following
intracardiac injection of MDA-231 or MDA-468 cells for ADLH1A3 expression (red). Scale bars, 200 mm (left) and 20 mm (right). D, IHC of mice brains following
intracardiac injection of MDA-231 cells at 7 (left), 14 (middle), and 28 (right) days for CD44 (top) andALDH1A3 (bottom). Scale bars, 100 mm(top) and 20 mm(middle
and bottom). E, Percentage of stained area of ALDH1A3 (top) and CD44 (bottom) in Fig. 3D. Data are mean� SD (n¼ 3). � , P < 0.05; �� , P < 0.01; and ��� , P < 0.001.
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Figure 4.

Role of ALDH1A3 in adhesion and migration of CTCs. A, qRT-PCR analysis for the expression of ALDH1A3 in MDA-231 and MDA-468 cells expressing siNT,
siALDH1A3_1, or siALDH1A3_2. Data are mean� SD (n¼ 3). ��� , P < 0.001. B, Cell viability assay of shNT (left) or siALDH1A3 (right) infected MDA-231 cells. Data are
mean� SD (n¼ 5 for shNT; n¼ 3 for shALDH1A3). � , P < 0.05; ��� , P < 0.001. C, Adhesion assay of shNT (top) or shALDH1A3 (bottom) infected MDA-231 cells. Cells
labeledwith GFP (green). Data aremean� SD (n¼ 4). � , P <0.05.D,Migration assay of shNT (top) or shALDH1A3 (bottom) infectedMDA-231 cells. Cells labeledwith
GFP (green). Data aremean�SD (n¼4). � ,P<0.05.E,GOontologypathway analyses ofRNA-seqdata for comparison between shNTand shALDH1A3MDA-231 cells.
F,GSEA comparing ECM receptor interaction pathway in siNT- or siALDH1A3-infectedMDA-231 cells. P¼0.007.G,Mouse brain slice culture demonstratingMDA-231
cell (GFP, green) preferential proximity to vasculature (Collagen IV, red). H, T1 weighted MRI of mice brains following intracardiac injection of MDA-231–incubated
MPIO with shNT or shALDH1A3 at 2 hours (top) and 8 days (bottom).
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Genetic inhibition of ALDH1A3 decreases initiation of BM in
murine models

Next, we sought to explore the function/phenotype of ALDH1A3 in
BCBM. To this end, we employed a gene silencing strategy using
lentiviral transduction of shRNA targeting ALDH1A3 (shALDH1A3)
in MDA-231 cells. BLI revealed that shALDH1A3 knockdown in
MDA-231 cells prior to intracardiac injection significantly reduced
the frequency and size of BM compared with nontargeting shRNA
(shNT) control (Fig. 5A). Hematoxylin and eosin (H&E) staining of
brain slices from these two groups of mice showed that BM formation
was substantially diminished upon ALDH1A3 knockdown (Fig. 5B).
Suppression of ALDH1A3 expression by shRNA infection was con-
firmed in all three organs withmetastatic tumors, although basal levels
of ALDH1A3 expression in LM and BoM were markedly lower than
that in BM (Fig. 5C). Interestingly, shALDH1A3 also diminished
CD44 and Vimentin expression in BM, reinforcing that ALDH1A3
may promote the expression of MES markers during the initiation
phase of BCBM (Fig. 5D). Collectively, these findings support a role
for ALDH1A3 during BM initiation and MES phenotype develop-
ment, without an appreciable effect on LM and BoM formation.

To investigate the BM-specific effect of shALDH1A3, we compared
the outcome of intracardiac and intracranial injection of MDA-231
andMDA-468 cells. BLI showed that intracardiac injection leads to the
formation of all metastases: BM, LM, and BoM, whereas intracranial
injection led to no metastases (Fig. 5E). In brains, small and multiple
BM foci were observed in the intracardiac injection model, whereas
intracranial injection formed larger, solitary tumors (Fig. 5E and F).
As expected, ALDH1A3 knockdown significantly prolonged survival
following intracardiac injection of both MDA-231 and MDA-468
(Fig. 5G; Supplementary Fig. S7A). In contrast, the impact of
ALDH1A3 knockdown on the survival of these tumor-bearing mice
with intracranial injection was less pronounced (Fig. 5H; Supplemen-
tary Fig. S7B). These results indicate the essential yet not exclusive role
of ALDH1A3 with regard to initial phases of circulating breast cancer
cells establishing BM formation.

ALDH1A3 inhibitor MF-7 prolongs survival and intercepts BM
formation

To evaluate ALDH1A3 targeting as a potential therapeutic strategy
in BCBM, we utilized a medicinal chemistry approach to develop a
novel small molecule that binds to and inhibits the activity of
ALDH1A3. We modified the imidazo [1,2-a] pyridine hit GA11,
which we previously described as an effective ALDH1A3 inhibitor,
by inserting a fluoro substituent in the para position of the 6-phenyl
ring (Fig. 6A; ref. 42). The resultant compound, MF-7, fully preserved
the inhibitory activity of the imidazo [1,2-a] pyridine class compound
against the target protein when tested in a cell-free assay performed on
recombinant human ALDH1A3 (IC50 22.8�1.6 mmol/L for MF-7 vs.
IC50 4.7�1.7mmol/L forGA11; Supplementary Fig. S1; Supplementary
Table S1), but displayed a significantly increased functional efficacy,
compared with GA11, when tested for antiproliferative activity in the
MDA-468 cell line; log-dose analysis indicates enhanced response in
comparison with NH32, MF-6, and GA11 (Fig. 6B; Supplementary
Fig. S8A). Collectively, these findings indicate target engagement of the
novel ALDH1A3 inhibitor (MF-7) and cytotoxicity against breast
cancer cells in vitro.

To evaluate in vivo, we intraperitoneally administeredMF-7 inmice
for 8 consecutive days before and after intracardiac injection of MDA-
231 and MDA-468 cells (Fig. 6C). This treatment protocol did not
cause adverse reactions in the treated mice, yet significantly prolonged
their survival comparedwith theDMSO control group (Fig. 6D). H&E

staining of brain slices demonstrated formation of smaller and fewer
BM tumors in the MF-7–treated mice compared with the control
(Fig. 6E). As expected, the levels of CD44 expression in the MF-7–
treated tumors were reduced compared with the control group
(Fig. 6F). Surprisingly, and in sharp contrast to the effect on BM
formation, the numbers of LM or BoM were paradoxically higher in
the MF-7 group as compared with the DMSO group (Fig. 6G andH).
We posited that the susceptibility of increased frequency of LM and
BoM may be related to alteration of the target organ following
inhibition of ALDH1A3 activity. This hypothesis may be explained
due to single-cell RNA-seq (scRNA-seq) which determined that
ALDH1A3 expression was elevated in normal brain endothelial cells,
whereas in the normal lung, ALDH1A3 expression was elevated in
fibroblasts (Supplementary Fig. S8B and S8C), indicating variance of
ALDH1A3 expression in normal vascular endothelial cells of the target
organs (i.e., brain, lung). Collectively, these results suggest that
ALDH1A3 inhibition is selectively effective in suppressing BM, but
not metastases to other organs (i.e., lung, bone).

Discussion
Herein, we have highlighted current clinical challenges surrounding

the management of BCBM, which is underscored by a lack of recent
prognostic and therapeutic advancements in the setting of TNBC. We
also sought to clarify the molecular signature associated with
BCBM (6–8), and in so doing identified key roles for ALDH1A3 and
genes previously associatedwith EMT.Wedetermined thatALDH1A3
expression is selectively elevated in human BCBM, a finding that is
recapitulated by BM cell cultures in vitro as well as the tumors
established after BM xenografts in vivo. Further, our data suggest that
elevated expression of ALDH1A3 precedes other MES markers (e.g.,
CD44) during the early phase of BM formation.We demonstrated that
ALDH1A3 plays roles in the initiation and cell adhesion phases in the
BMdevelopmentary cascade, but not LM and BoM. Genetic inhibition
of ALDH1A3 via lentiviral shRNA led to significant survival benefit in
BCBMmousemodels (56% intracardiac, 32% intracranial). Beside our
data, other recent findings reveal organ-specific enhancement of
metastasis and unique gene signature expression using multiple sub-
lines derived from BM, LM, and BoM of the parental cell line MDA-
MB-231 (43, 44). In BM, ST6GALNAC5 was reported as key molecule
to enhance CTC's adhesion to brain endothelial cells and their passage
through BBB (6). In addition, SLITRK2, TMEM47, and LYPD1 were
identified as upregulated genes in BM compared with LM and
BoM (45).

The ALDH superfamily is a group of nicotinamide adenine dinu-
cleotide NAD or NADPþ-dependent enzymes acting as the primary
aldehyde metabolic system in human cells (46). Of note, the level of
ALDH enzymatic activity has been used as a CSC marker and
seemingly correlates with tumor aggressiveness (47, 48). ALDH1A3
is abnormally expressed in various cancers and CSCs, including breast
cancer (49–51). Marcato and colleagues reported that ALDH1A3 is
strongly expressed in poorly differentiated and metastatic late-stage
breast cancer patients (48), whereas other studies have highlighted the
role of ALDH1A3 expression in patients with TNBC which correlates
with clinical stage (52, 53).Our prior study determined that ALDH1A3
expression was higher in GBM's aggressive subtype of glioma stem
cells (24). Together, ALDH1A3 as CSC-associated enzyme is a medi-
ator of tumorigenicity, metastasis, and therapy resistance as is the case
with CSC-associated signaling pathways such as Notch, Wnt, and
Hedgehog (54). In melanoma, ALDH1A3 knockout by siRNA signif-
icantly decreased the expression of melanoma stem cell–related genes
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Figure 5.

Genetic inhibition of ALDH1A3 decreases initiation of BM and prolongs survival. A, BLI of mice 1 month after intracardiac injection of luciferase-labeled shNT- or
shALDH1A3-infected MDA-231 cells. B, Representative H&E staining of mouse brain following intracardiac injection of shNT- (top) or shALDH1A3 (bottom)-infected
MDA-231 cells. Scale bar, 500mm.C,Representative IHC for ALDH1A3 in BM (left), LM (middle), and BoM (right) inmice following intracardiac injection of shNT- (top)
or shALDH1A3 (bottom)-infected MDA-231 cells. Scale bar, 100 mm. D, Representative IHC for CD44 (left) and Vimentin (right) in BM of mice following intracardiac
injection of shNT- (top) or shALDH1A3 (bottom)-infected MDA-231 cells. Scale bars, 100 mm. E, BLI of mice 1 month after intracardiac (left) and intracranial (right)
injection of shALDH1A3 MDA-231 cells. F, Representative H&E staining of mouse brain following intracardiac (left) and intracranial (right) injection of shALDH1A3
MDA-231 cells. G, Kaplan–Meier survival analysis of mice following intracardiac injection of shNT and shALDH1A3 MDA-231 cells. H, Kaplan–Meier survival analysis of
mice following intracranial injection of shNT and shALDH1A3 MDA-231 cells.
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Figure 6.

Interception of BM formation by ALDH1A3 inhibitor MF-7 with survival benefit. A, Chemical structure of the ALDH inhibitor GA11 and its analog, MF-7. B, Bar graph
comparing log-dose response analyses of ALDH1A3 inhibitor MF-7, NH32, MF-6, and GA11 based on cell viability assay of MDA-468 cells. � , P < 0.05; ��� , P < 0.001.
C, Schematic representation of MF-7 administration prior to and following intracardiac injection of MDA-231 or MDA-468 cells. D, Kaplan–Meier survival analyses of
mice following intracardiac injection ofMDA-231 (left) orMDA-468 (right) cells and treatmentwithDMSOorMF-7.P¼0.013 and0.018 respectively.E,Representative
H&E staining of mice BM following intracardiac injection of MDA-231 cells. Mice were treated with DMSO (left) or MF-7 (right) before and after intracardiac injection.
Scale bar, 100mm.F,Representative IHC for CD44 inBMofmice treatedwithDMSO(left) orMF-7 (right) before and after intracardiac injection ofMDA-231 cells. Scale
bar, 100 mm.G,Bar graph comparing frequency of LMor BoM inmice treatedwith DMSOorMF-7 before and after intracardiac injection ofMDA-231 orMDA-468 cells.
n¼ 5 each. � , P < 0.05. H, H&E staining of LM and BoM of mice treated with DMSO (left) or MF-7 (middle, right) before and after intracardiac injection of MDA-231 or
MDA-468 cells. Scale bar, 100 mm.
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such as CDC42 andUSH1C (55). Despite this, ALDH1A3 has yet to be
evaluated in BM.

Previously, we had determined that ALDH1A3 plays a role in
GBM's PN–MES transition (24). Here, our findings indicate that
ALDH1A3 plays roles in CTC adherence to brain vascular endothelial
cells and extravasation into brain parenchyma. In addition, the
inhibition of ALDH1A3 prolonged xenograft mice survival following
both intracardiac and intracranial injection of TNBC cells, albeit to a
lesser degree by the latter. Given the antitumor formation effects of
ALDH1A3 inhibition in intracranial injection models, it is likely that
ALDH1A30s function involves a multistep process in BCBM which
may include effects related to our prior findings in GBM. These data
raise the possibility that elevated cancer cell ALDH1A3 activity
provides an advantage with regard to both survival and progression
of cancer cells within the brain. Future investigations will seek to fully
elucidate the mechanisms underlying ALDH1A30s effects, and in
doing determine whether ALDH1A3 is responsible for a shared role
in both primary and metastatic CNS cancers.

Our findings suggest significant therapeutic benefit via application
of MF-7 for both primary prevention of BCBM in patients with breast
cancer and post-BCBM establishment. However, one side-effect of
MF-7 administration in intracardiac injection models was elevated
susceptibility with regard to LM and BoM formation, which may be
related to alteration of the target organs by circulating breast cancer
cells following inhibition of ALDH1A3 activity. Although the survival
of intracardiac injectionmodels followingMF-7 administration exhib-
ited an overall increase (�20%), suggesting a positive trade-off in cost-
benefit, it remains to be seen whether similar findings will be observed
in humans. In addition, comparisons in patient quality of life would
ultimately be required to assess potential improvement due to reduced
BM formation versus reduced LM and BoM. Given that ALDH1A3
expression is elevated in normal endothelial cells of the brain (Sup-
plementary Fig. S7A), likely similar targeting mechanisms may be
employed to reduce metastases formation in other organs. Recently
studies reported that citral is an effective ALDH1A3 inhibitor to block
ALDH1A3-mediated BC growth (54) and that NRAD1 targeting
therapy has the potential for the treatment of TNBC and the reduction
of CSCs (56). These will be points of interest to be discerned by future
BCBM preclinical studies and clinical trials.

Several recently developed therapeutics are under investigation
for BCBM; however, the HER2þ phenotype of BCBM has domi-
nated recent clinical trials (57–59), potentially owing to increased
frequency of HER2þ BCBM. Systemic modalities including manip-
ulation of the BBB allowing for delivery of traditional chemother-
apeutics, novel chemotherapeutics (e.g., etirinotecan pegol, pep-
tide–paclitaxel conjugates), novel targeted therapies (e.g., pan-HER
receptor and CDK4/6 inhibitors), PARP inhibitors, and immu-
notherapies are all under investigation by preclinical and clinical
studies (60). Given the lack of therapeutic modalities with appreci-
able efficacy in TNBC BM, targeting ALDH1A3 may prove an
effective option in this intractable disease. Beyond BCBM, the
inhibition of ALDH1A3-mediated pathways may ultimately pro-

vide a promising therapeutic approach for cancers displaying MES
and/or stem-like signatures (e.g., aggressive subsets of GBM;
refs. 24, 61). Interestingly, ALDH1A3 expression in human GBM
has been correlated with a worse prognosis and is associated with
resistance against Temozolomide treatment with sensitivity to the
drug having been re-established in ALDH1A3 knockout cells (62).
Accordingly, a number of strategies have begun to emerge that seek
to target ALDH1A3 isoforms ranging from immunotherapy (63) to
traditional small-molecule–based approaches (64).

Conclusion
In this study, we highlighted a lack of appreciable improvement in

OS of TNBC BM over the past two decades. We demonstrated novel
roles for ALDH1A3 during the cell migration and adhesion phases of
the metastatic cascade in BCBM, but not LM or BoM. Targeting
ALDH1A3 proved to be effective via both genetic and pharmacologic
inhibition. Our findings present ALDH1A3 as an attractive target for
primary prevention and therapeutic management of BCBM, suggest
applicability of similar metastasis-guiding molecules to other cancers
beyond TNBC, and provide a rationale for the therapeutic targeting of
ALDH1A3 in a broader context. The identification of ALDH1A3-
specific inhibitors may create a new paradigm for development of
targeted therapeutics for BCBM and other metastatic carcinomas.
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