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ABSTRACT
◥

Specific biological properties of those circulating cancer cells

that are the origin of brain metastases (BM) are not well

understood. Here, single circulating breast cancer cells were

fate-tracked during all steps of the brain metastatic cascade in

mice after intracardial injection over weeks. A novel in vivo two-

photon microscopy methodology was developed that allowed to

determine the specific cellular and molecular features of breast

cancer cells that homed in the brain, extravasated, and success-

fully established a brain macrometastasis. Those BM-initiating

breast cancer cells (BMIC) were mainly originating from a slow-

cycling subpopulation that included only 16% to 20% of all

circulating cancer cells. BMICs showed enrichment of various

markers of cellular stemness. As a proof of principle for the

principal usefulness of this approach, expression profiling of

BMICs versus non-BMICs was performed, which revealed upre-

gulation of NDRG1 in the slow-cycling BMIC subpopulation in

one BM model. Here, BM development was completely sup-

pressed when NDRG1 expression was downregulated. In accor-

dance, in primary human breast cancer, NDRG1 expression was

heterogeneous, and high NDRG1 expression was associated with

shorter metastasis-free survival. In conclusion, our data identify

temporary slow-cycling breast cancer cells as the dominant

source of brain and other metastases and demonstrates that this

can lead to better understanding of BMIC-relevant pathways,

including potential new approaches to prevent BM in patients.

Implications: Cancer cells responsible for successful brain metas-

tasis outgrowth are slow cycling and harbor stemness features. The

molecular characteristics of these metastasis-initiating cells can be

studied using intravital microscopy technology.

Introduction
Up to 40% of patients with metastatic breast cancer develop brain

metastases (BM), and intracranial progression is the cause of death in

approximately half of them (1). Given the limited therapeutic possi-

bilities in established breast cancer BM, prevention of BM outgrowth

by interfering with the early steps of the brain metastatic cascade is a

novel and promising approach, with the potential of high effectivity if

the mandatory steps of the brainmetastatic cascade are targeted (2–4).

In this context, the brain metastasis-initiating cancer cell (BMIC)

would be a promising target for BM prevention in patients, but its

specific biological characteristics remain obscure.

A high level of cellular heterogeneity is found within solid tumors,

and the existence of a distinct subpopulation of cancer cells with

disease-initiating and -perpetuating properties that also shows a

particular high resistance to therapies is now confirmed by multiple

studies (5). Thus, the basic rationale for the study reported herewas the

hypothesis that specific cellular properties of metastasis-initiating

cancer cells might be more easily revealed than that of tumor-

initiating cells in primary tumors: during the challenging, multistep

nature of organ colonization, metastasizing cancer cells might just lack

the time to adapt to the foreign soil before they die (2). In this study, by

establishing a novel in vivo two-photon microscopy methodology

(MPLSM) to unequivocally identify BMICs from breast cancer cell

lines and characterize their role in BM formation, we demonstrate that

those BMICs can be readily identified in the circulating cancer cell

population. BMICs are rare, slow-cycling, and harbor a specific

molecular profile. Finally, specific targeting of BMICs can effectively

prevent BM formation.
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Materials and Methods
Cell lines

The human breast cancer cell lines JIMT1 (estrogen receptor

negative, HER2 overexpressing, trastuzumab resistant) and MDA-

MB-231 (triple negative) were transfected with lentiviral vectors

as described previously in order to generate a stably enhanced

green fluorescent protein (EGFP) or tdTomato expressing cell line

for in vivo imaging (6). Human breast cancer sublines JIMT1 br3

(referred to in the article as JIMT1br) and MDA-MB-231br were

kept under standard media conditions (DMEM, 10% FBS, P/S).

Both cell lines were regularly checked forMycoplasma infections by

PCR according to guideline of the German Cancer Research Center

(DKFZ), and for cellular identity using multiplex human cell line

authentication test (last time, September 6, 2017).

PKH26 membrane staining

PKH26 as well as PKH67 cell membrane staining was performed

according to themanufacturer’s protocol (Sigma-Aldrich). The homo-

geneity of the staining was controlled under the microscope. PHK26

membrane was reduced with every cell division resulting in a hetero-

geneous population of slow- (cells with remaining PKH26 membrane

staining) and fast- (cells without any remaining PKH26 membrane

staining) cycling cells.

Definition of slow- versus fast-cycling cells in vitro

Using PKH26 membrane staining as described above, a hetero-

geneous population of slow- and fast-cycling cells could be iden-

tified. Using ImageJ (NIH) image analyzing software, any PHK26

red fluorescent signal that was greater than background (after

positive verification by image inspection) was defined as PKH26

positive in vitro as well as in vivo. A continuous decline in PKH26

membrane dye staining intensity was observed during in vitro

growth. To be able to further characterize the slow-cycling versus

fast-cycling cancer cell subpopulation in subsequent experiments,

we pragmatically chose day 4 as the cutoff time point, because here

(i) the slow-cycling cells during in vitro growth were technically still

detectable, and in a sufficient number for further analysis, but (ii)

the fast-cycling cancer cells during in vitro growth have already

clearly separated.

Four days after staining 16% to 20% of cells still showed PKH26

membrane staining and were defined as “slow-cycling cells”

as defined by FACS as well as MPLSM. Cells without any detect-

able remaining PKH26 membrane staining after four days

were defined as “fast-cycling cells” (Fig. 1D). Established prolif-

eration marker carboxyfluorescein diacetate, succinimidyl ester

(CSFE), as well as transduction with a TET off regulated H2B-

GFP reporter for nuclear GFP labeling, which can be selectively

suppressed by application of doxycycline, were used as previously

described to verify the slow-cycling properties of PKH26 retaining

cells (7). For experiments analyzing the population of slow- and

fast-cycling cells separately, cells were sorted by flow cytometry

(FACS) using the cell sorter BD FACSAria III (BD Biosciences)

according to their PKH26 signal (present for slow-cycling

cells; absent for fast-cycling cells). Slow-cycling cells were defined

as the 16% with the highest PKH26 fluorescence intensity of

the whole population, and fast-cycling cells as the 16% with the

lowest intensity. A second green membrane staining (PKH67;

Sigma-Aldrich) was used to determine the cell division rate and

show that the two populations retain their slow- and fast-cycling

properties.

In vivo multiphoton laser-scanning microscopy (MPLSM)

For in vivo MPLSM, a ZEISS LSM 7MP equipped with a Coherent

Chameleon Ultra II laser was used as described previously (8). To

obtain angiograms, 100 mL of 5 mg/mL tetramethylrhodamine–iso-

thiocyanate-Dextran (TRITC dextrane; average MW: 500,000, Sigma-

Aldrich) or fluorescein isothiocyanate–Dextran (FITC dextran; MW:

500,000, Sigma-Aldrich) was injected into the tail vein shortly before

each imaging depending on the florescent signal of the used cells (GFP

or tdTomato). The signals of the used fluorophores were differentiated

as appropriate by different excitation wavelengths (750 nm: PKH26;

850 nm: GFP, TRITC-dextran; 950 nm: tdTomato; FITC dextran).

PKH26 dye retention was evaluated using the 750 nmwavelength. The

remaining membrane could be reliably identified by an overlapping

signal in the 750 nm (PKH26 signal) wavelength and the 850 nm

wavelength channel visualizing the GFP signal of the tumor cell.

Thereby, also small remaining membrane dye could be assigned to

a particular cell due to the visual overlap in the two independent

channels. ABP500-550filterwas used for the greenfluorophores, and a

BP575-610 filter was used for the red fluorophores. Standard gains

were set between 700 and 750, and standard z-interval was 3 mm. Laser

powerwas tuned as low as possible ranging from1%on the very surface

to 100% in the deepest regions of interest. Absence of phototoxicitywas

controlled by careful reexamination of preimaged regions versus those

regionswithout preimaging over weeks. For in vivo imaging,mice were

narcotized with isoflurane (1%–2% in 100% O2), guaranteeing a pain-

free intervention for the animal. Mice were fixed using a custom-build

fixation system with a titan ring, and body temperature was measured

by rectal thermometer and kept constant by a heating-pad system.

In vivo quantification of the brain metastatic cascade

MPLSM through the chronic cranial window allowed investigation

of all single steps of the brain metastatic cascade, including intravas-

cular arrest, extravasation, colonization of the perivascular niche, and

establishment of micro- and macrometastasis. Brain-colonizing can-

cer cells did not show intravascular proliferation after heart injection,

suggesting that pivotal properties of injected cells stay rather stable

until after extravasation (2). Micrometastases were defined as a tumor

cell cluster ofmore than four cells and a diameter smaller than 143mm,

which is the mouse correlate of a human micrometastasis just detect-

able with MRI (of 2 mm diameter); these are present between days 10

and 14 after intracardial injection (2). A macrometastasis was defined

as a tumor cell cluster withmore than 50 cells, or a diameter larger than

143 mm, presenting from day 10 onward, reflecting to a human

macrometastasis defined as visible inMRI imaging (around 1mm) (8).

The number of cells in a micro- or macrometastasis was estimated by

surface. The number of cells per micro- or macrometastasis size was

available from a previous work, in which we could correlate the

metastasis size with the cell count due to double fluorescent cells

(RFP cytoplasm, GFP nucleus; ref. 8). Imaging of the same areas was

performed on days 1, 3, 6, 9, 14, 21, and 28 after heart injection to

follow the single steps. Superficial angiograms (providing a stable

superficial “road map” as no change is observed over time) and

stereotactic coordinates allowed the relocation of the areas of interest

over the entire imaging period, and ensured that the same cells

identified on day 1 after injection were followed and evaluated for

their successful brain metastasis formation. An average of 6 to 8

regions were imaged per mouse.

Quantification of slow- and fast-cycling cells in vivo

In vivo MPLSM through a chronic cranial window after heart

injection of PKH26 membrane staining cells (JIMT1 or MDA-MB-
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Figure 1.

Combined in vitro/in vivo model to study the role of slow- and fast-cycling cancer cells in brain metastasis formation. A, Experimental strategy and procedures.

Different cancer cell subpopulations are labeled in vitro (fast- vs. slow-cycling cells by PKH26, and live stemness reporters), and their characteristics is further

analyzed in vitro (overlapwith other labels indicating a certain population or a certain relative gene expression, cell growth), and in vivo (likelihood tomaster all steps

of the brain metastatic cascade; overall brain metastatic efficacy). Results from different brain metastatic capacities of slow- versus fast-cycling cancer cells are

then used for identification of key molecular differences of these cell populations, finally used for knockdown studies of candidate gene(s) that can be tested

regarding their influence on the brain metastatic cascade. MPLSM: multiphoton laser-scanningmicroscopy. B,Representative images of a slow-cycling MDA-MB-231

breast cancer cell (remaining PKH26 staining; arrow), followed by repetitive in vivo MPLSM through all steps of the brain metastatic cascade: intravascular arrest

(days 1, 3—single cells), extravasation and colonization of the perivascular niche (day 6—up to 5 cells), micro- (days 14, 21—up to 50 cells) andmacrometastasis (day

28—> 50 cells) formation. Green, cytoplasm of GFP-positive cancer cell(s); blue, brain microvessels labeled by TRITC angiogram; red, PKH26 staining labeling slow-

cycling cancer cells. Scale bars, 30 mm. C, Representative images of a fast-cycling MDA-MB-231 cell (absence of PKH26 staining) through the early steps of the brain

metastatic cascade (day 1—single cells), until its death on day 6. Scale bars, 30 mm. D, Percentage of all slow-cycling and fast-cycling MDA-MB-231 breast cancer

cells, in vitro at the day of intracardial injection, and in vivo 1 day after. At day 1, all cancer cells were still in the state of intravascular arrest. Included cells day 0 MDA-

MB-231 n¼ 784; included cells on day 1 MDA-MB-231 n¼ 138 (P < 0.001; c2 test). E, Slow-cycling JIMT1 breast cancer cell mastering all steps of the brain metastatic

cascade; intravascular arrest (days 1 and 3), extravasation and colonization of the perivascular niche (day 6), micrometastasis (day 9), macrometastasis (days 14, 21,

and 28). Green, cancer cell(s); blue, brain microvessels. Scale bars, 30 mm. F, Fast-cycling JIMT1 breast cancer cell mastering intravascular arrest (day 1) and

extravasation (day 6), but disappears afterward until day 14. G, Percentage of all slow-cycling and fast-cycling JIMT1 breast cancer cells, in vitro at the day of

intracardial injection, and in vivo 1 day after. At day 1, all cancer cells were still in the state of intravascular arrest. Included cells day 0: Jimt1 n¼ 1,254; included cells on

day 1: Jimt1 n ¼ 238 (P < 0.001; c2 test). B–G, Data obtained by in vivo MPLSM; scale bars, 30 mm. Three replicates per experiment.
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231; 4 days after PKH26 membrane staining; n ¼ 4 mice per cell

line) allowed to analyze differences with respect to cellular behavior

during the brain metastastic cascade between slow- and fast-cycling

cells. Remaining PKH26 membrane staining was detected by

MPLSM (wavelength: 750 nm) in intravascular arrested cells (day

1 after injection), and as outlined above, cells with remaining

staining were defined as slow cycling, whereas cells without any

remaining PKH26 signal were classified as fast cycling. Therefore,

all cells were defined on day 1 either as slow or as fast cycling and

could be followed over all steps of the brain metastatic cascade,

including their efficacy to perform every single step of the brain

metastatic cascade.

Stemness reporter systems

The JIMT1 cell line was transduced with the retroviral vector

pQCXIN-ZsGreen-cODC to study S26 proteasome activity as a mark-

er of stemness (kind gift of Frank Pajonk, David Geffen School of

Medicine at UCLA, Los Angeles, California) as previously pub-

lished (9). Stable transfectants were selected with G418 (Invitrogen).

Efficacy control of the lentiviral transduction was possible, as the

vector included an RFP signal as well as the dynamic GFP signal in

dependence of the S26 proteasome activity. > 90% of cells presented

with RFP signal after transduction. To secure a homogeneous cell

population, FACS sorting was additionally performed. Dynamic S26

proteasome activity could be studied as expression of the fusion

protein ZsGreen-cODC results in as fluorescent fusion protein that

accumulates in cells in the absence of S26 proteasome activity, whereas

cells without fluorescence protein accumulation indicate normal

proteasome activity (9).

In vivo quantification of S26 proteasome low cells

MPLSM through the chronic cranial window was performed on

days 1, 3, 6, 9, 14, 21, and 28 to quantify the success of the single steps of

the brain metastatic cascade and cells according to their S26 protea-

some activity. Low S26 proteasome activity could be detected by

expression of ZsGreen-cODC (850 nm wavelength) in vivo, allowing

investigation of a change of activity over time, and also analysis of

heterogeneous activity within a cell convolute.

Illumina gene-expression profiling

To address gene-expression differences between slow- and fast-

cycling cells, cells were separated 4 days after PKH26 membrane

staining and FACS sorting as described above. RNA was isolated

using a RNeasy Kit (Qiagen). RNA samples (approximately 3 ng per

sample) were used for gene-expression profiling assay by Illumina

BeadArray (Illumina Human HT 12 v4 R2). Negative control probes

were used for background correction, and both negative and positive

controls were used for normalization (10). LIMMA analysis was used

to analyze gene-expression differences between slow- and fast-cycling

cells (11). The P values were adjusted by Benjamin–Hochberg cor-

rection to avoid the problem of multiple testing (12). Genes that

showed a fold change between the two groups of more than 1.5

considered regulated biologically relevant and proceeded for pathway

analysis. IPA (Qiagen) was then performed with the resulting data set

using standard parameters. For gene set enrichment analysis (GSEA),

the GSEA software tool downloaded from the homepage of the Broad

Institute (http://software.broadinstitute.org/gsea) was used. Fifty hall-

mark gene sets as well as the C2 and C5 gene sets were used for

exploratory testing of pathway enrichments in the full data set of

microarray genes. The focuswas set to gene sets involving cell cycle and

proliferation. The number of gene set permutations was set to 1,000.

The data sets generated during the current study are available from the

corresponding author on reasonable request.

Generation of NDRG1 knockdown cell lines

Knockdown of NDRG1 in JIMT1 and MDA-MB-231 cells was

performed as described previously using two short-hairpin RNA

(shRNA) sequences targeting different site (13). Two shRNA con-

structs targeting the 30-untranslated region (UTR) of NDRG1 were

used (shRNA NDRG1 43: 50-TGCATTATTGGCATGGGAACTT-

CAAGAGAGTTCCCATGCCAATAATGCTTTTTTC-30; shRHNA

NDRG1 47: 50-TATGCAGAGTAACGTGGAAGTTCAAGACTTC-

CACGTTACTCTGCATTTTTTTC-30). The shRNA NDRG1 43 was

used for NDRG1 knockdown in Jimt1 cells, which were investigated

using MPLSM. Both shRNA hairpins were used for NDRG1 knock-

down in Jimt1 cells, and subsequent analysis of brain metastasis

frequency by MRI. The shRNA NDRG1 43 was used for MDA-

MB-231NDRG1 knockdown, and subsequent analysis of brainmetas-

tasis frequency in histologic slides. Nontargeting shRNA (MISSION

SHC002) was used as a control in JIMT1 and MDA-MB-231 cells.

Efficacy of the knockdown was evaluated by Western blot analysis

(see below).

qPCR analysis

qRT-PCR to quantify NDRG1 gene expression was done as

described previously (13). NDRG1 expression results were normalized

to glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Further,

OCT4 and SOX2 gene expression was analyzed in the sorted popu-

lation of slow- and fast-cycling cells by qRT-PCR. Primer sequences

are listed in Table 1.

NDRG1 Western blot

Protein expression of NDRG1 was analyzed by Western blot in

slow- versus fast-cycling cells as well as to verify the knockdown as

previously descried (NDRG1 antibody, goat, dilution 1:2,500, Abcam;

ref. 13).

In vivo brain metastatic behavior of NDRG1 knockdown cells

MPLSM through the chronic cranial window was again used on

days 1, 3, 6, 9, 14, 21, and 28 to quantify the success of each step of the

brainmetastatic cascade of JIMT1GFPNDRG1 knockdown cells (n¼

4 animals) and JIMT1 GFP control cells (n ¼ 4 animals).

IHC analysis in human primary breast cancer and brain

metastasis tissue

Formalin-fixed and paraffin-embedded tissue of human breast

cancer brain metastases and primary breast cancer was retrieved

from theBiobank of theMedicalUniversity ofVienna and theNational

Center for Tumor disease Heidelberg. Slides (4 mm) were cut

with a standard microtome for further processing. In brief, IHC

staining was performed with an automated Bentana BenchMark XT

Table 1. Primer sequences.

NDRG1 forward TCAAGATGGCGGACTGTG

NDRG1 reverse GAAGGCCTCAGCGAGCTT

GAPDH forward CTCTCTGCTCCTCCTGTTCGAC

GAPDH reverse TGAGCGATGTGGCTCGGCT

OCT4 forward ATGTGGGGCTCACCCTGGGG

OCT4 reverse CTTCTGCAGCAAGGGCCGCA

SOX2 forward GCCGAGTGGAAACTTTTGTCG

SOX2 reverse GGCAGCGTGTACTTATCCTTCT

Metastasis-Initiating Cancer Cells
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(Ventana Medical Systems) immunostainer. The anti-NDRG1 clone

HPA006881 (Sigma-Aldrich; dilution 1:70) was used. Quantification

was performed as previously published, scoring the membranous

expression of NDRG1 on tumor cells (14). In brief, only full, strong,

and complete membranous staining was scored and groups were

defined as NDRG1 low (absent or only single cells) or NDRG1 high

(at least 10% of tumor cells) for correlation of NDRG1 expression and

clinical data. The cytoplasmic staining, present around necrotic areas,

was not included in the analysis. For HIF1a and ki67 analysis, slides

underwent heat-induced epitope retrieval in pH6.0 citrate buffer

(HIF1a: 92 minutes, Ki67: 20 minutes). Afterward, sections are

incubated with antibody (HIF1a: polyclonal rabbit purified Anti-

Human HIF 1 alpha/610959 BD Transduction Laboratories; Ki67:

monoclonal mouse Ki67 CloneMIB-1/M7240 Dako). Estrogen recep-

tor (ER) status was assessed by IHC using the CONFIRM SP1 clone

(Ventana); hormone receptor expression was estimated as the per-

centage of positively stained tumor cells. All patients had a minimum

follow-up period of ten years. Clinical data (metastatic disease vs.

nonmetastatic disease; brain metastases vs. no brain metastases) was

retrieved by chart review.

Publicly available data sets and coexpression analysis

Gene-expression microarray and RNA-seq data of seven publicly

available data sets were obtained from the GEO and TCGA databases,

respectively. The following data sets were used: GSE65216, GSE41119,

GSE20685, GSE58644, GSE16201, GSE54002, and TCGA_BRCA.

Moreover, protein levels determined by mass spectrometry were

retrieved from TCGA_BRCA data set via cbioportal.org. Expression

values of NDRG1 and ESR1 were extracted from these data sets, and

coexpression analysis was calculated using Spearman rank correlation.

Image processing

MPLSM imaging data were acquired by the Zeiss ZEN Software

(Zeiss) and used to analyze the success of the single cells in performing

the single steps of the brain metastatic cascade. Slow- and fast-cycling

cells were defined using ImageJ (NIH) as described above. To generate

the examples pictures displayed in the figures, images were transferred

to Imaris (Bitplane) for processing and to generate the displayed single

planes and 3D images. If necessary, changes in brightness, contrast, or

color balance were made to whole images.

Statistical analysis

The c2 test, Fisher exact test, Wilcoxon signed rank test, t test and

Kruskal–Wallis test were used as appropriate to assess group differ-

ences. To test the difference in macrometastasis frequency between

slow- and fast-cycling cells c2 test was used. Metastasis-free survival

was defined from diagnosis of primary breast cancer to first diagnosis

of distant metastases. For correlation of ER and NDRG1 expression in

publicly available data, the Spearman correlation coefficient was used.

A correlation coefficient of�0.8 to�1 was interpreted as a very strong

association, of�0.6 to�0.8 as strong, of�0.4 to�0.6 as moderate, of

�0.2 to �0.4 as a low and �0.2 to 0 as no association. Group

differences concerning the metastasis-free survival were analyzed

using the Kaplan–Meier product limit method and the log-rank test.

Statistical significance was stated for P values < 0.05. All experi-

ments were performed with three replicates unless stated otherwise.

Animal groups were conducted with four animals per group. Box

plots show mean at center line and under and lower maximum.

Error bars show standard deviation. Statistical analysis was per-

formed with statistical package for the social sciences (SPSS) 20.0

software (SPSS Inc.).

Results
A combined in vitro/in vivo model for fate-tracking of slow-

cycling cancer cells

To study how distinct cancer cell subpopulations differ in their

ability tomaster all steps of brain colonization, we developed an in vivo

MPLSM that was initially established in our laboratory (2). This

approach was chosen to follow individual BMICs from two breast

cancer cell lines over all steps of the brainmetastatic cascade, from first

intravascular arrest, extravasation, colonization of the perivascular

niche, and establishment of a clinically relevant macrometastasis

weeks later. To clarify whether a preexisting BMIC subpopulation

does exist within circulating versus slow-cycling cancer cells, we used a

membrane dye staining method that allows to identify slow cycling at

the moment of vascular arrest (dye retaining) versus fast-cycling

cancer cells, first in vitro, and then by following their fate after heart

injection, in vivo (Fig. 1A; Supplementary Fig. S1A–S1C).

First, we verified that the PKH26 membrane dye staining method

did not influence the growth kinetics of cancer cells, and did

faithfully detect the slow-cycling breast cancer cell subpopulation

in vitro (Supplementary Fig. S2A–S2E; ref. 7). Not unexpectedly, the

in vitro slow-cycling breast cancer cells were a dynamic subpop-

ulation: after 21 days of in vitro growth, both fast- and slow-cycling

subpopulations had transformed back into the original population

again with respect to their cycling behavior (Supplementary Fig. S2F

and S2G).

Slow-cycling BMICs frequently arrest in the brain

After intracardial injection, cells with slow-cycling versus fast-

cycling behavior at the moment of vascular arrest could be reliably

distinguished from each other after arrest in brain microvessels by

in vivoMPLSM (Fig. 1B–G; Supplementary Fig S1D). Quantification

of their relative amount revealed that in vitro, just before implantation,

the majority (80% and 84% of MDA-MB-231 and JIMT1 cells,

respectively) of cancer cells were fast cycling, and only a minority

(16%–20%) was slow cycling, as detected byMPLSM. This proportion

was just reversed in vivo: here, slow-cycling cancer cells were the

dominating cell population inside brain capillaries 24 hours after

intracardial injection (Fig. 1D and G; Fig. 2A; P < 0.001 for JIMT1

and P < 0.001 for MDA-MB-231, Wilcoxon signed rank test). In

synopsis of these numbers, in vitro slow-cycling breast cancer cells are

about 4-fold more likely to successfully master a permanent arrest in

brain microvessels, which we have identified before as the first

mandatory step of the brain metastatic cascade (2). The cell diameter

did not differ between slow- and fast-cycling cells nor did cells with

larger cell diameter develop more frequently to macrometastases,

which argues against a pure mechanical reason for this difference

(Supplementary Fig. S3A). Importantly, a relevant difference in the cell

division properties of slow- versus fast-cycling cancer cells was evident

over several days, still detectable 8 days after sorting in vitro (Sup-

plementary Fig. S2F). This is the time needed in vivo for a particular

BMIC to successfully master the first steps of brain metastasis:

extravasation and perivascular niche colonization. These data speak

for preservation of slow-cycling cellular properties during the time

where failure or success of brain colonization is decided (2).

Slow-cycling BMICs succeed during all steps of the brain

metastatic cascade

To study the impact of slow- versus fast-cycling cellular states on the

entire process of brain colonization, repetitive in vivo MPLSM of the

same deep brain regions was performed to track the subsequent fate of

Berghoff et al.
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arrested slow- versus fast-cycling breast cancer cells (Figs. 1B–G and

2A and B). A substantial number of slow-cycling breast cancer cells

colonized the perivascular niche andmastered to further proliferate to

a brain macrometastasis (Figs. 1B and E and 2A–C), whereas almost

all fast-cycling cancer cells died in the weeks after extravasation

(Figs. 1C and F and 2A–C). Quantification of the individual fate of

108 brain-arrested fast-cycling cells versus 268 slow-cycling cells at the

moment of vascular arrest from two breast cancer cell lines over all

steps of the brain metastatic cascade confirmed that slow-cycling

cancer cells were the only ones that gave rise to brain metastases in

the JIMT1 line. Moreover, they were also significantly more likely to

grow to a macrometastasis in the MDA-MB-231 line (Fig. 2A–C).

Exponential macrometastatic growth was observed after day 21,

without any further regression events detected, indicating that the

established macrometastasis resembles an irreversible state of tumor

growth in the brain.

Further in-depth analysis of the brain metastatic cascade confirmed

that slow-cycling cancer cells were more efficient in performing every

single, mandatory step of the brain metastatic cascade, namely,

extravasation, perivascular niche colonization and survival, prolifer-

ation to a micrometastasis, and establishment of a brain macrome-

tastasis (2): slow-cycling cells (as determined at the moment of

vascular arrest) mastered every step more successfully (Fig. 2A), and

also more rapidly (Fig. 2B and C), compared with fast-cycling cells. It

was not the PKHhigh cells that contain the noncycling population

which successfully mastered all steps of the brain metastatic cascade,

but rather those cancer cells with low/moderate PKH signal (PKHlow)

indicating true slow-cycling behavior (Supplementary Fig. S3B–S3D).

Slow-cycling cancer cells are also more likely to form

extracranial metastases

In line with the findings for brain colonization, slow cycling at the

moment of vascular arrest cancer cells also formed significant more

extracranial, systemic metastatic foci compared with fast-cycling cells

over time, as detected by whole-body IVIS imaging after intracardial

injection of JIMT1 cells (Fig. 2D; Supplementary Fig. S4). These data
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Figure 2.

Slow-cycling breast cancer cells are enriched during the brain metastatic cascade. A, Quantification of the steps of the brain metastatic cascade in slow-cycling

(PKH26-positive) versus fast-cycling (PKH26-negative) JIMT1 (n¼ 238 tumor cells in n¼ 4mice) and MDA-MB-231 (n¼ 138 tumor cells in n¼ 4mice) human breast

cancer cells. Although slow-cycling cells are only a minority of cancer cells on the injection day, this population is particularly able to master all steps of the brain

metastatic cascade successfully, greatly outnumbering its fast-cycling counterparts (P < 0.05; c2 test). Percentages are given relative to the total number of

intravascular arrested cells in the slow-cycling and the fast-cycling grouponday 1 after intracardial injection; extravasation: days3–6; perivascular single cells: days 3–

9; micrometastasis: days 9–14; macrometastasis: days 9–29. B and C,Quantification of the relative tumor cell number in the JIMT1 (B) and MDA-MB-231 (C) cell lines

over 28 days in vivo, depending on their cycling properties. (4mice per group). Significant (P <0.05) differences in the successful establishment of perivascular cells,

micro- and macrometastases between slow- and fast-cycling cells could be detected from day 6 on. D, Whole-mouse imaging without the brain compartment

revealed that slow-cycling JIMT1 breast cancer cells give rise to a significantly higher extracranial metastatic burden, comparedwith fast-cycling or unsorted control

cells (n¼ 4 mice per group; P < 0.05; t test). Tumor cells were FACS-sorted after PKH26 staining and injected intracardially. A–C, Data obtained by in vivo MPLSM;

scale bars, 30 mm. Three replicates per experiment.
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demonstrate that slow-cycling cancer cells are not only particularly

efficient to formbrainmetastases, but are alsomore likely to give rise to

extracranial metastases.

Stemness markers are enriched in the slow-cycling

subpopulation

To further address the biological foundation of the increased ability

of slow-cycling cells to form brainmetastases, we investigated whether

slow- or fast-cycling cells have higher expression of cellular marker

associated with stemness. Two markers of stemness properties, OCT4

and SOX2, were investigated using real-time qPCR, where higher

expression in slow-cycling compared with fast-cycling cells was

detected (Fig. 3A). To follow the hypothesis of higher stemness

properties in slow- compared with fast-cycling cells, we applied

various lentiviral reporter systems for cellular stemness to study

overlap of those markers with the slow- and fast-cycling cancer cell

subpopulations. These included reporters for activation of the Oct4/

Sox2 complex (15), the Notch pathway (16), the WNT pathway (17),

and for reduced 26S proteasome activity (ref. 9; Fig. 3B and C). As

expected, a fairly small proportion of cancer cells were reporter

positive: expression of these stemness markers was observed in <1%
of the entire cancer cell population only (Fig. 3C). Nevertheless, the

slow-cycling subpopulation was strikingly enriched for stemness

markers, with Oct4/Sox2, NOTCH, and WNT positivity exclusively

found in this cancer cell population where the BMICs originate from

(Fig. 3C).

Cell-cycle analysis revealed that slow-cycling cancer cells are more

likely in the G2–M phase, compared with fast-cycling cells (Supple-

mentary Fig. S5A and S5B). This characteristics has been associated

with cancer cell stemness before (18): slow-cycling cells accumulate in

the G2–M phase, allowing the cancer cell to take more time for DNA

repair, which results in lower mutation and apoptosis rates (19), and

improved cell survival (18).

Low 26S proteasome activity is not defining BMICs

Next, we wanted to provide a proof of principle that the dynamic

gain and loss of a specific molecular marker, indicative of a particular

cellular state, can be followed throughout the entire brain metastatic

cascade on amicroscopic level in vivo. The reporter system for low 26S

proteasome activity (20), which was moderately associated with slow-

cycling properties (Fig. 3C), generated sufficient fluorescence signal

strength that allowed its use in intravital microscopy. In vivo, of 146

brain-arrested cancer cells tracked, only a single JIMT1 breast cancer

cell presented with low proteasome 26S activity on day 1 after injection

(Fig. 3D and E). This single cell successfully performed extravasation

on day 3, but disappeared afterward (Fig. 3E). Another single cancer

cell with reduced 26S proteasome activity was observed within a larger

metastasis that formed from cells without prior reporter positivity,

indicating that low 26S proteasome activity is a dynamic feature that

can change during BM outgrowth (Fig. 3F). Quantification of the

entire brain metastatic cascade confirmed those findings (Fig. 3D).

These data suggest that proteasome reporter positivity, detectable in

only 1% of all slow-cycling breast cancer cells, is not related to a

particular capability of BMICs to successfully establish a brain

metastasis.

BMICs are characterized by a distinct gene-expression profile

Next, we sought to gain deeper insights into the molecular char-

acteristics of the slow-cycling cancer cell subpopulation that contains

the BMICs. Therefore, a comparative gene-expression microarray

analysis of slow- versus fast-cycling cells was performed in vitro for

the JIMT1 cell line. Ingenuity pathway analysis revealed “cellular

growth and proliferation” as the most frequently affected cellular

function, with 60 of 88 genes differentially regulated more than 1.5-

fold between slow- and fast-cycling cells, providing a basic method-

ological validation.

Intriguingly, NDRG1 was among those genes significantly upregu-

lated in slow-cycling versus fast-cycling breast cancer cells, with the

17th highest relative overexpression in slow-cycling cells (Fig. 4A;

Supplementary Table S1). We chose to further characterize NDRG1

because its overexpression in primary tumors has been shown to be

associated with poor prognosis in breast cancer patients, while playing

a rather complex role in other cancer entities (14). Furthermore, it had

been associated with cellular stemness states before, albeit with

oppositional findings in different tumor entities (21, 22). Increased

protein expression of NDRG1 in JIMT1 slow-cycling breast cancer

cells was confirmed by FACS (Fig. 4B), qPCR (Fig. 4C), and Western

blot (Fig. 4D). Furthermore, NDRG1 expressionwas observed in other

human and mouse breast cancer cell lines, with considerable high

expression in brain seeking ones (Supplementary Fig S6B). All includ-

ed cell lines were hormone receptor negative. In contrast, inMDA-MB

231 cells, which had very low principal NDRG1 expression when

compared with JIMT1, no evident association between slow-cycling

cellular features (as determined by dye retention) and NDRG1 expres-

sion could be detected in vitro (Supplementary Fig. S6A and S6B).

NDRG1-high BMICs depend on NDRG1 proficiency for brain

colonization

Next, stable NDRG1 shRNA knockdown cell lines were established

and validated (Fig. 4E; Supplementary Fig. S7A and S7B). After

orthotopic injection into the mammary fat pat, JIMT1 shNDRG1

tumorswere even larger than shRNAcontrol tumors (mean 193 vs. 529

mm3 after 3 weeks; P ¼ 0.01; Supplementary Fig. S7C and S7D),

demonstrating the uncompromised ability of the shNDRG1 breast

cancer cells to grow in vivo. In contrast to this finding from the primary

site, shNDRG1 tumor cells showed a reduced ability to achieve a

successful intravascular arrest in brain capillaries on day 1 (P¼ 0.047;

t test; Fig. 5A). Furthermore, quantification of the brain metastatic

cascade of 197 shNDRG1 and 129 shRNA control cancer cells revealed

that all steps were significantly compromised in the shNDRG1 JIMT1

breast cancer cells: extravasation (P ¼ 0.005; c2 test), micro- (P ¼

0.012; c2 test) and macrometastasis (P ¼ 0.002; c2 test) formation

(Fig. 5B andC). The overall extravasation rate of NDRG1 knockdown

cells was lower than that of control cells (P ¼ 0.005; c2 test). This
difference in metastatic efficiency throughout the entire brain meta-

static cascade is reminiscent of that found for the slow-cycling versus

fast-cycling cancer cells (Fig. 2A). Closer examination of the intravital

peculiarities that occurred in the shNDRG1 group revealed that one

specific deficit was the successful colonization of—and proliferation in

—the perivascular niche. As shown exemplary for the shNDRG1

JIMT1 cancer cell that managed to survive longest of all (Fig. 5B),

proliferation beyond a three- to four cell state in the perivascular niche

was not possible until day 14, followed bymorphologic signs of cellular

stress (day 21), finally culminating in tumor cell disappearance at day

28; only the typical capillary loop induced by the tumor cell persists at

this time point (Fig. 5B). To validate these observations, a second

shRNA short hairpin was used to generate NDRG1 knockdown cells

(Fig. 4E) and tested in vivo. In line with the findings of the in vivo

microscopy study,MRT analysis on day 28 revealed that the number of

BM was lower in both JIMT1 shNDRG1 cell lines in comparison with

the control cell line (P¼ 0.037; Kruskal–Wallis test; Fig. 5D). Finally, a

knockdown of NDRG1 expression was performed in MDA-MB-231

Berghoff et al.
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Figure 3.

Certain cancer cell stemnessmarkers are enriched inBMICs.A, Stemnessmarkers in slow- versus fast-cycling JIMT1 breast cancer cells. qPCR analysis of the stemness

markers SOX2 (P¼ 0.02) and OCT4 (P¼ 0.06). B, Gene expression of OCT4 (P¼ 0.001) and SOX2 (P > 0.05) in OCT4/SOX2 reporter–positive cells determined by

FACS sorting. C, Slow-cycling cells reveal a marked enrichment of stemness markers compared with fast-cycling cells, as tested by overlap of PKH26 membrane

staining and fluorescence signal of stemness reporter systems by FACS analysis (P < 0.05). Note that marker-positive cells remain a small cancer cell subpopulation,

even in the slow-cycling cells.D,Quantification of the brainmetastatic cascadeof JIMT1 cells transducedwith pQCXIN-ZsGreen-cODC for in vivo tracking of the tumor

cell subpopulationwith reduced S26 proteasome activity (n¼ 146 tumor cells, n¼ 4mice); scale bars, 30 mm. E,One single tumor cell presentswith low proteasome

activity on day 1 after injection, but is not visible anymore after extravasation. F,One single tumor cell with low proteasome activity occurs in amacrometastasis over

time (arrow). D–F, In vivo MPLSM; three replicates per experiment.
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cells, which did not show relevant NDRG1 protein expression or

association of cycling behavior with NDRG1 expression, as detailed

above (Supplementary Fig. S6A and S6B). In line, no difference in the

median number of brain metastases in the shNDRG1 and the shRNA

control group could be observed (P ¼ 0.773; Mann–Whitney U test;

Supplementary Fig. 6C).

Taken together, the data imply that high NDRG1 expression can be

a characteristic of the subpopulation of slow-cycling breast cancer

BMICs, and only here NDRG1 deficiency leads to a reduced ability to

master crucial steps of the brain metastatic cascade.

NDRG1 expression is associated with metastasis formation in

breast cancer patients

Finally, NDRG1 expression was measured in human primary

breast cancer tissue, to clarify its prognostic impact and predictive

role for brain and extracranial metastasis formation. Heterogeneous

expression of NDRG1 protein was observed in primary breast

cancer (n ¼ 74; Fig. 6A). A similar expression pattern was observed

in breast cancer brain metastasis specimens (n ¼ 61; Fig. 6B).

No statistically significant difference in NDRG1 expression was

observed between primary and BM specimens (P ¼ 0.334). Fur-

thermore, no correlation of membranous NDRG1 expression with

ki67 (Spearman correlation coefficient 0.076; P ¼ 0.569), the

hypoxia marker HIF1 alpha (Spearman correlation coefficient

�0.026; P ¼ 0.842), nor ER expression (P ¼ 0.103; Supplementary

Fig. S7F) could be detected in the primary breast cancer specimens.

In addition, publicly available gene-expression sets [TCGA_BRCA

(RNA-seq); TCGA_BRCA (microarray); TCGA_BRCA (mass

spec); GSE65216; GSE41119; GSE20685; GSE58644; GSE16201;

GSE54002] were explored for the correlation of ER expression and

NDRG1 expression. Likewise, only an absent to moderate negative

correlation was observed (Spearman correlation coefficient: �0.422

to �0.308).

Importantly, in the group of patients without distant metastasis

within 10 years of follow-up, median NDRG1 expression in primary

breast cancer tissue was significantly lower (median 1%; range, 0–

10%), compared with the group of patients experiencing distant

metastasis during their course of disease (median 10%; range, 0–

80%; n ¼ 35; P ¼ 0.043; luminal A 26.8%; Luminal B: 22.9%; HER2

positive 8.6%; triple negative 40.0%; Fig. 6C).

In line, median metastasis-free survival was 41 months in the

NDRG1-high group (n ¼ 20), and not reached yet in the NDRG1

absent/low group (n¼ 54; P¼ 0.035; log-rank test; Fig. 6D). Of note,

primary tumors from patients experiencing brain metastases (n¼ 20)

showed similar highmembranous NDRG1 expression levels like those

developing extracranial metastases (n ¼ 15; Supplementary Fig. S7E),
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Figure 4.

NDRG1 is upregulated in slow-cycling JIMT1 breast cancer cells.A, Significant (P < 0.05) upregulation of NDRG1 expression in slow-cycling JIMT1 cells compared with

fast-cycling ones. NDRG1 is the 17th highest differentially expressed gene in slow-cycling Jimt1 cancer cells. For a complete gene list, see Supplementary Table 1.

B, Expression of NDRG1 in Jimt1 slow-cycling cells compared with Jimt1 fast-cycling cells in FACS analysis (P < 0.01). C, Relative NDRG1 gene expression in Jimt1

slow- versus fast-cycling cells, determined by qPCR (P < 0.05). D, Higher NDRG1 protein expression in Jimt1 slow-cycling compared with fast-cycling cells

analyzed with Western Blot. E, Knockdown of NDRG1 in JIMT1 cells. Three replicates per experiment.
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and patients with visceral metastases did not have higher NDRG1

expression compared with patients presenting only with bone

metastases (P ¼ 0.111). Taken together, NDRG1 expression was

highly heterogeneous between tumor cells and patients, and was

associated with impaired prognosis due to more frequent and earlier

metastatic spread.

Discussion
Conducting a comprehensive study of the brain metastasis-

initiating tumor cell subpopulation (BMIC) has met several

methodical obstacles in the past, as only a small subfraction of

circulating tumor cells will eventually give rise to clinically relevant

Figure 5.

Impact of NDRG1 proficiency on brain metastases formation in vivo. A, Impaired ability of JIMT1 NDRG1 knockdown cells to manage the first step of the brain

metastatic cascade, which is intravascular arrest (P¼ 0.047; t test); different symbols mark different animals. B, Intravital imaging of the one JIMT1 shNDRG1 tumor

cell that was most successful in mastering the first steps of the brain metastatic cascade, but still dies after day 21. Note the failure of proper perivascular niche

colonization, indicated by a roundish tumor cell shape without clear orientation along the blood microvessel in the brain (compare successful brain metastasis of

JIMT1; Fig. 2A); scale bars, 30 mm. C, Quantification of shNDRG1 and shRNA control breast cancer cells over the brain metastatic cascade (n ¼ 326 cells in n ¼ 8

animals/n ¼ 4 per group; P < 0.05; c2 test). D, Number of BM as measured by MRT analysis is lower in both Jimt1 NDRG1 knockdown lines compared with shRNA

control cells (n ¼ 12 animals/n ¼ 4 per group; P ¼ 0.037; Kruskal–Wallis test). A, B, C, In vivo MPLSM; three replicates per experiment.

Metastasis-Initiating Cancer Cells

AACRJournals.org Mol Cancer Res; 19(4) April 2021 697

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

a
c
rjo

u
rn

a
ls

.o
rg

/m
c
r/a

rtic
le

-p
d
f/1

9
/4

/6
8
8
/3

1
0
2
0
1
9
/6

8
8
.p

d
f b

y
 g

u
e

s
t o

n
 2

7
 A

u
g

u
s
t 2

0
2

2



macrometastases (23). Intravital microscopy methodologies have

significantly contributed to our current understanding of the

dynamic behavior and plasticity of cancer cell subpopulations

including potential tumor-initiating cells, and also cellular inter-

actions in stem cell niches (24). To optimally study the cellular

and molecular features of this BMIC subpopulation in breast

cancer, we first developed a methodology of combined in vitro

and dynamic in vivo characterization of the same cancer cells.

Thereby, we were able to study the single steps of brain metastasis

development including intravascular arrest, extravasation, survival

in the perivascular niche, and outgrowth to a macrometastasis as

well as the impact of specific biological changes in the single steps of

the process. We found that temporary slow-cycling breast cancer

cells are the major source of brain metastases. Using this novel

experimental set-up, NDRG1 protein expression was identified as a

molecular characteristic of slow-cycling BMICs in one cell line,

and selective knockdown resulted in the inability to form BM in vivo

in this model. Higher median NDRG1 expression of primary

breast cancers was associated with higher subsequent brain and

visceral metastasis formation. All in all, our study provides a

proof of principle that (brain) metastasis-initiating cells can be

reliably identified by a combined in vitro characterization and

in vivo microscopy approach, which allows to investigate BMICs

in real time, and also to interrogate new molecular candidates in

the future.

A higher metastatic potential of slow-cycling cells has been postu-

lated previously (25, 26), and brain micrometastases have been dem-

onstrated to be slower cycling, too (27). Furthermore, a higher brain

tropism of cancer cells cultured under stem-like conditions has been

shown (28). Our study provides the first direct evidence that BMICs

have slow-cycling properties, and that this is due to an increased

metastatic efficiency over the entire multistep process of brain colo-

nization. An overlap of slow-cycling cancer cells and stemness prop-

erties was evident in this and previous studies (29–31). This overlap is

plausible, because stem cells and stem-like tumor cells are considered

to be slow cycling, and it can provide a possible explanation for the

successful metastasis-initiating potential of slow-cycling cells (32).

Vice-versa, stemness pathways like NOTCH and WNT are known to

regulate slow-cycling cellular properties and in line were also accu-

mulated in the slow-cycling population in the current study (33).

Together, these data speak for (i) slow-cycling breast cancer cells being

the BMICs; (ii) enrichment of classic stemness markers in BMICs; and

thus (iii) the existence of a specific cellular state that is required for a

cancer cell to become the “seed” for BM formation. Next, to better

identification of patients at high risk for brain metastatic disease, this

information can be used to further determine other biological char-

acteristics of BMICs.

To demonstrate that this approach is indeed possible and feasible,

we compared the broad gene-expression patterns of slow- versus fast-

cycling breast cancer cells, which revealed significant expression
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Figure 6.

NDRG1 expression in human breast cancer samples correlates with metastasis formation. A and B, Representative IHC image of NDRG1 expression in primary breast

cancer specimens (A) and abrainmetastasis (B), with cyctoplasmaticNDRG1 expression around necrotic areas and unrelatedmembranous expression on tumor cells

(median 7.5%, range, 0–100%, n¼ 74). Arrows; magnification,�100 and�400; scale bar, 200 mm. C,Median NDRG1 expression in primary breast tumors of patients

experiencing distantmetastasis (n¼ 35) comparedwith patientswithout distantmetastases (n¼ 39) during a follow-up period of 10 years (P <0.05; Mann–Whitney

U test).D,Metastasis-free survival in patientswith highNDRG1 expression (n¼ 20) in the primary breast cancer specimen, comparedwith patientswith absent or low

NDRG1 expression (n ¼ 54; P ¼ 0.035; log-rank test).
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differences of 72 genes. We chose to focus on NDRG1, because high

NDRG1 protein expression (as assessed by membranous staining

pattern in IHC) is a previously identified marker for prognostic

assessment of breast cancer patients. NDRG1 expression is even

included in the Mammostrat assay, which subdivides patients with

early-stage breast cancer in low,moderate, and high risk as the basis for

adjuvant treatment decisions. Therefore, NDRG1 has been clinically

established as a marker of poor prognosis in primary breast can-

cer (22, 33), implying a relevant role for the disease course in humans

that generally depends on the extent of futuremetastasis formation. All

this was not the case for the other 71 genes identified. NDRG1 is an

interesting gene in cancer, with controversialfindings. Initially, various

tumor-suppressive properties of NDRG1 expression were identified as

overexpression was observed to reduce invasion and metastasis of

breast, colon, prostate, and pancreatic cancers by inhibiting epithelial–

mesenchymal transition, cell migration, and angiogenesis (34). Fur-

ther, NDRG1 was shown to affect a large number of downstream

pathways impacting cell proliferation, tumor vascularization, differ-

entiation, and invasion via hypoxia-associated signaling (35). How-

ever, increasing evidence suggests that NDRG1 could also have

prometastatic function as a reduced number of bone metastases were

observed in a breast cancer model after knockdown of NDRG1 (36).

Further, NDRG1 was shown to contribute to breast cancer aggres-

siveness by regulating the fate of lipids, resulting in elevated rates of

metastasis and patient mortality (37). All in all, the role of NDRG1 as a

tumor suppressor (or enhancer) might indeed be tissue-, entity-, and

stage-specific (38, 39). A gradual increase in NDRG1 expression from

primary tumor to metastasis was observed in colorectal cancer, under-

scoring that NDRG1 signaling as well as downstream mTOR and

phosphatidylinositol 3 kinase (PI3K) signaling are involved in the

metastatic process (40). Indeed, the importance of the PI3K/mTOR

signaling in brain metastasis growth is supported by growth inhibition

after application of a selective PI3K/mTOR inhibitor (8). In the

particular context of breast cancer, NDRG1 expression was associated

with markers of poor prognosis, such as lack of estrogen and proges-

terone receptor expression, as well as decreased disease-free and

overall survival in all breast cancer subtypes (14). In line, NDRG1

protein expression in primary breast tumors was associated with

distant metastasis formation in the cohort analyzed in the current

study. Interestingly, no increased NDRG1 expression was observed in

human breast cancer BM compared with the primary tumor. This

speaks for the plausible assumption that established brain metastases

contain again only a small subset of cancer cells with stem-like

properties, which has actually been demonstrated previously (41).

Thus, it suggests a dynamic nature of NDRG1 expression, as a similar

phenomenon has been demonstrated for other molecular markers like

Lgr5 in colorectal cancer (42), indicating that different genetic drivers

maintain primary tumor maintenance, metastasis initiation, and

metastasis outgrowth. Indeed, knockdown of NDRG1 resulted in the

complete inability of breast cancer cells to initiate BM in one of the two

usedmodels, whereas the growth of orthotopical injected tumors in the

mammary fat pat was even accelerated, supporting a complex and

sometimes even Janus-faced nature of NDRG1. All in all, although the

findings of our study support a potential role for NDRG1 for (brain)

metastasis formation in subgroups of breast cancer cases, it also

underlines the existence of considerable heterogeneity and provides

no definitive solution to this conundrum. In our study, the association

of slow-cycling cellular behavior in one breast cancer cell line and

NDRG1 expression is rather used to provide a proof of principle that

the newly introduced methodology here has the potency to detect

(brain) metastasis-relevant genes for further in-depth analysis.

A limitation of the present study is that dividing cells could not be

visualized in real time throughout the experiment. An alternative

approach to inject equal numbers of slow- and fast-cycling cells would

require prior FACS sorting, and this wouldmean increased stress of the

cells and other experimental artifacts. Brain metastasis development is

already a rare event in a very healthy, unstressed cell population; only a

fraction of < 1% of injected cells shows intravascular arrest and only

1% to 5% of arrested cancer cells manage to successfully master all

steps to a growing macrometastasis. Therefore, considering these

limitations, we consider the current set-up as the closest model to

simulate the fate of brain metastasis-initiating cells entering the blood

circulation on the way to form successful brain metastases. A further

limitation of our study is the focus on breast cancer. Although the

importance of slow-cycling cells for tumor initiation and resistance

was described for various cancer types, the role of NDRG1 as a

prometastatic factormight be rather breast cancer–specific, asNDRG1

appears to play highly heterogeneous roles in other tumor entities as

discussed above. Therefore, the association of slow-cycling breast

cancer cells and NDRG1 expression in the specific context of BM

initiation might be specific for some breast cancers, while it is very

likely that other gene-expression patterns are relevant for BMICs in

other cancer entities (43). Further, in-depth analysis of the upstream

and downstream regulators of NDRG1 would be of general interest.

However, the main goal of this study was rather to provide a proof of

principle that this methodical set-up that was newly developed for

this study, using repetitive in vivo imaging to identify (brain)

metastasis-initiating cells and some of their principal biological

characteristics, can indeed generate meaningful information about

specific characteristics of the cancer cells responsible for metastasis

formation. It will also be interesting to investigate in the future

whether BMICs show differential interactions with host cells during

the brain metastatic process, e.g., CD8þ T cells (44). Further, in this

article, we concentrated on the single steps of the brain metastatic

cascade, but our data imply that slow-cycling cellular behavior and

NDRG1 expression can also be relevant for the development of

extracranial metastases in breast cancer. More research is needed to

definitively address this point.

In conclusion, the current study provides a proof of principle that

metastasis-initiating cancer cells can be identified and characterized in

greater detail when the specific advantages of long-term intravital

microscopy are combined with in vitro characterizations. Here we

demonstrate that slow-cycling breast cancer cells that express stemness

markers are the tiny subpopulation of cancer cells that will eventually

give rise to brain metastases after mastering the entire brain metastatic

cascade. The introduction of a novel methodology to identify and

characterize those BMICs should facilitate a better understanding of

their biological nature. Finally, this can help to develop novel concepts

how to therapeutically target BMICsmore specifically, which would be

required for effective BM prevention.
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