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Abstract

Background: N-Myc downstream regulated gene 1 (NDRG1) suppresses metastasis in many human malignancies, including
breast cancer, yet has been associated with worse survival in patients with inflammatory breast cancer. The role of NDRG1 in
the pathobiology of aggressive breast cancers remains elusive. Methods: To study the role of NDRG1 in tumor growth and
brain metastasis in vivo, we transplanted cells into cleared mammary fat pads or injected them in tail veins of SCID/Beige
mice (n¼7-10 per group). NDRG1 protein expression in patient breast tumors (n¼216) was assessed by
immunohistochemical staining. Kaplan-Meier method with 2-sided log-rank test was used to analyze the associations be-
tween NDRG1 and time-to-event outcomes. A multivariable Cox regression model was used to determine independent prog-
nostic factors. All statistical tests were 2-sided. Results: We generated new sublines that exhibited a distinct propensity to
metastasize to the brain. NDRG1-high–expressing cells produced more prevalent brain metastases (100% vs 44.4% for NDRG1-
low sublines, P ¼ .01, Fisher’s exact test), greater tumor burden, and reduced survival in mice. In aggressive breast cancer
cell lines, silencing NDRG1 led to reduced migration, invasion, and tumor-initiating cell subpopulations. In xenograft models,
depleting NDRG1 inhibited primary tumor growth and brain metastasis. In patient breast tumors, NDRG1 was associated
with aggressiveness: NDRG1-high expression was also associated with shorter overall survival (hazard ratio [HR] ¼ 2.27,
95% confidence interval [95% CI] ¼ 1.20 to 4.29, P ¼ .009) and breast cancer–specific survival (HR ¼ 2.19, 95% CI ¼ 1.07 to 4.48,
P ¼ .03). Multivariable analysis showed NDRG1 to be an independent predictor of overall survival (HR ¼ 2.17, 95% CI ¼ 1.10
to 4.30, P ¼ .03) and breast cancer–specific survival rates (HR ¼ 2.27, 95% CI ¼ 1.05 to 4.92, P ¼ .04). Conclusions: We
demonstrated that NDRG1 drives tumor progression and brain metastasis in aggressive breast cancers and that NDRG1-high
expression correlates with worse clinical outcomes, suggesting that NDRG1 may serve as a therapeutic target and prognostic
biomarker in aggressive breast cancers.

Brain metastasis is a common manifestation of systemic malig-
nancies, including lung, breast, and skin cancers (1,2). Patients
with advanced breast cancer have an estimated 18%-30% inci-
dence of brain metastasis and a poor prognosis, with median
survival intervals of only 5 to 6 months (3-5). Patients with ag-
gressive HER2þ or triple-negative breast cancer (TNBC) subtypes
are at greater risk of brain metastasis (6,7). Current treatment

options for brain metastases offer limited disease control,
underscoring the urgent need to develop better therapeutic
approaches.

Understanding the pathobiology of brain metastasis, identi-
fying targets, and developing effective therapies have been
hampered by the scarcity of experimental models. We recently
developed preclinical mouse models of brain metastasis via
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tail-vein injection of HER2þ or TNBC breast cancer cell lines
(8,9) and used these models to identify key regulators of metas-
tasis to the brain and to test potential therapeutic strategies
(8,10-12). In the current study, we generated new sublines from
an aggressive breast cancer cell line that display distinct mor-
phology and propensity for brain metastasis and express differ-
ent levels of the stress response protein N-Myc downstream
regulated gene 1 (NDRG1). The role of NDRG1 in human cancer
remains controversial. In pancreatic, ovarian, and colorectal
cancer cells, NDRG1 acts as a metastasis suppressor; on the
other hand, NDRG1 has been described as a biomarker of metas-
tasis, cancer recurrence, and poor prognosis in hepatocellular
carcinoma, bladder, and cervical cancers (13-22). As for breast
cancer, most studies show a tumor suppressor function but
others a metastasis-promoter function (2-26). Nevertheless, the
role of NDRG1 in promoting tumor growth and metastatic tu-
mor phenotype in aggressive breast cancers remains unclear.

Here, we demonstrate that NDRG1 promotes invasion and
enrichment of tumor-initiating cell populations in vitro and tu-
mor progression and brain metastasis in mouse models of ag-
gressive breast cancer. In tumors from breast cancer patients,
NDRG1-high expression was linked with aggressive tumor char-
acteristics and independently predicted poor survival outcomes.

Methods

Mouse Studies

All mouse experiments were preapproved by the Institutional
Animal Care and Use Committee of MD Anderson Cancer Center.
SCID/Beige mice were purchased from Harlan Laboratories
(Indianapolis, IN, USA). Metastatic colonization was achieved by
tail-vein injection of breast cancer cells into 4- to 6-week-old fe-
male SCID/Beige mice. For xenograft tumor growth studies, cells
were injected into cleared mammary fat pads of SCID/Beige mice.
Methods for measuring, resecting, and imaging tumors are given
in the Supplementary Methods (available online).

Tissue Microarrays (TMAs)

Tumor samples from patients with invasive breast cancer
(n¼ 216) seen at MD Anderson were immunostained for NDRG1
in a TMA generated by L.H. NDRG1 staining was scored and
interpreted by 2 pathologists (L.H., E.C.Y.). Details are given in
the Supplementary Methods (available online).

Statistical Analysis

All in vitro experimental analyses were repeated at least 3
times, and data are represented in graphs as means with error
bars indicating SD. Statistical significance was determined with
Student’s t tests unless otherwise specified. All statistical tests
were 2-sided. For primary tumor growth, we transplanted
NDRG1 control and NDRG1-silenced SUM149 and MDA-IBC3
cells into cleared mammary fat pads of SCID/Beige mice (n¼ 7-
10 per group). For brain metastasis studies, we injected NDRG1
control and NDRG1-silenced MDA-IBC3 cells via tail vein of
SCID/Beige mice (n¼ 9-10 per group). Fisher’s exact test was
used to compare the incidence of brain metastatic colonization
between sublines or NDRG1 control and silenced MDA-IBC3 cell
line. For TMA immunohistochemical staining, patient breast
tumors (n¼ 216) were stratified by NDRG1 value (low [�median]

vs high [> median]) and compared between groups. The associ-
ation between NDRG1 and time-to-event outcomes was ana-
lyzed with the Kaplan-Meier method and 2-sided log-rank test.
A multivariable Cox regression model was used to determine in-
dependent prognostic factors. SAS 9.4 (SAS Institute Inc, Cary,
NC, USA) was used for data analysis. P values less than .05 indi-
cated statistically significant differences. Further details are
given in the Supplementary Methods (available online).

Results

Novel MDA-IBC3 Breast Cancer Derivatives With
Distinct Propensity to Develop Brain Metastasis

We derived new sublines of MDA-IBC3 (designated MDA-IBC3.1
and MDA-IBC3.2) that display distinct morphology in cell cul-
ture (Figure 1, A). Notably, these sublines exhibit a distinct pro-
pensity to metastasize to the brain on tail-vein injection into
mice. Mice injected with MDA-IBC3.1 cells were less likely to
form brain metastases than MDA-IBC3.2 (44.4% vs 100%, P ¼ .01,
2-sided Fisher’s exact test; Figure 1, B), with smaller metastatic
burden (Figure 1, C; Supplementary Figure 1, A, available on-
line), fewer brain metastases per mouse (Supplementary Figure
1, B, available online), and longer latency as indicated in
Figure 1, D (70% vs 11%, P ¼ .02, at 15 weeks). Moreover, MDA-
IBC3.2–injected mice had worse brain metastasis–free survival
(BrMFS) (hazard ratio [HR] ¼ 4.88, 95% confidence interval [95%
CI] ¼ 1.61 to 14.75, P < .001; Figure 1, E) and overall survival (OS)
(HR ¼ 6.83, 95% CI ¼ 2.04 to 22.84, P¼ .002; Figure 1, F).
Compared with the parental MDA-IBC3 cells, MDA-IBC3.1 cells
showed no difference in the incidence of brain metastasis, OS,
and BrMFS (Supplementary Figure 1, C–E, available online), but
MDA-IBC3.1 cells led to fewer brain metastases per mouse
(Supplementary Figure 1, B, available online). For the MDA-
IBC3.2 subline, no difference was found in incidence of brain
metastasis vs parental cells (Supplementary Figure 1, C, avail-
able online), but MDA-IBC3.2–injected mice had worse BrMFS
and OS than parental cell–injected mice (Supplementary Figure
1, D and E, available online). Hematoxylin and eosin staining of
brain metastases from the 2 sublines showed similar histologic
characteristics (Supplementary Figure 1, F). We previously
showed that tail-vein–injected MDA-IBC3 cells preferentially
metastasize to the brain vs other organs (8). Similarly, we ob-
served quite low rates of lung metastasis (0%-20%) after tail-
vein injection of the new sublines. Our findings show that the
MDA-IBC3.2 subline has an enhanced propensity to metastasize
to the brain relative to MDA-IBC3.1.

Next, to identify proteins associated with aggressive brain
metastasis, we used reverse-phase protein array proteomic
profiling to compare protein expression patterns in the 2 sub-
lines. We identified several proteins that were differentially
expressed, with phosphorylated NDRG1 (NDRG1_pT346) being
the top downregulated protein in the less aggressive MDA-IBC3.1
subline (Figure 1, G; Supplementary Table 1, available online).
We confirmed reduced expression of NDRG1 and NDRG1_pT346
proteins in MDA-IBC.1 cells by immunoblotting (Figure 1, I).

Next, we analyzed independent cohorts of patients whose
datasets included information on metastases and primary
tumors. NDRG1 was expressed at higher levels in brain metasta-
ses than in matched primary tumors (P ¼ .02; Figure 1, J) or non-
matched primary tumors (mean [SD], 617.2 [801.5] vs 216.3
[184.9], P ¼ .02; Figure 1, K). Moreover, patients with NDRG1-
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high-expressing tumors had reduced brain metastasis relapse-
free survival vs NDRG1-low tumors (HR ¼ 3.93, 95% CI ¼ 1.14 to
13.58, P ¼ .03; Figure 1, L), leading us to propose that NDRG1
functions to enhance brain metastasis in aggressive breast
cancers.

Association Between NDRG1 Expression and Breast
Cancer Aggressiveness Features

We next analyzed several independent, publicly available data-
sets of breast cancer patients to examine associations of NDRG1
expression with clinicopathological variables and outcomes.
NDRG1 was expressed at higher levels in tumor tissue than in
normal breast (Figure 2, A) and estrogen receptor (ER)-negative

tumors relative to ER-positive tumors (P < .001; Figure 2, B). We
also found higher NDRG1 expression in more aggressive HER2þ
and basal-like molecular subtypes than in luminal subtypes (P
< .001; Figure 2, C), in TNBC (ER–/PR–/HER2–) vs non-TNBC (P <

.001; Figure 2, D), and in high-grade breast tumors (P < .001;
Figure 2, E).

We assessed possible associations between tumor NDRG1 ex-
pression and survival outcomes. NDRG1-high expression was
found to correlate with reduced OS (Figure 2, F; Supplementary
Figure 2, A, available online). NDRG1 expression was higher in
patients who presented with metastasis (Figure 2, G), and
NDRG1-high expression was associated with worse metastasis-
free survival (Figure 2, H; Supplementary Figure 2, B, available
online). Notably, NDRG1, located on chromosome 8q24, was

Figure 1. Novel MDA-IBC3 breast cancer sublines with different propensities for brain metastasis. A) The novel MDA-IBC3 sublines show distinct morphology in

cell culture. B) Incidence of brain metastasis in mice injected with MDA-IBC3.1 and MDA-IBC3.2 sublines (P value from 2-sided Fisher’s exact test). C) Representative

images of brain metastasis generated after tail-vein injection of MDA-IBC3.1 and MDA-IBC3.2 sublines, with quantification of brain metastasis burden. The horizontal

lines indicate means and error bars indicate SD. P value from 2-sided Mann-Whitney test. D) Time to detect brain metastases (BM) was measured by detection of lucif-

erase signal. Kaplan-Meier estimates of brain metastasis-free survival (BrMFS) E) and overall survival (OS) of MDA-IBC3.1 (n¼9) and MDA-IBC3.2 (n¼10) (F). P values

from 2-sided log-rank tests and the hazard ratio (HR) with 95% confidence interval are shown for each graph. G) Heatmap from reverse-phase protein array analysis

shows top differentially expressed proteins (fold change) in the MDA-IBC3.1 and MDA-IBC3.2 sublines. Data presented as means of 6 replicates for each sample.

H) Reverse-phase protein array findings for phosphorylated NDRG1 (NDRG1_pT346). Horizontal lines indicate means and ranges. I) Immunoblotting analysis of expres-

sion of total NDRG1 and NDRG1_pT346 between the 2 sublines. GAPDH was used as internal control. Analysis of publicly available datasets for NDRG1 expression

in matched primary tumor and brain metastasis (GSE125989, n¼16) J) and in unmatched samples (GSE43837, n¼19) (K). J) P values from 2-sided Wilcoxon tests;

K) horizontal lines indicate means and error bars indicate SD. P value from 2-sided Mann-Whitney test. L) Percentage of patients free of brain relapse stratified by

NDRG1 expression [GSE2034; NDRG1-low (n¼ 47); NDRG1-high (n¼60)]. P values from 2-sided log-rank test and the hazard ratio with 95% confidence interval are shown.

RPPA ¼ reverse phase protein array.
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highly amplified in patients with metastatic and basal-like
breast tumors. NDRG1 was amplified in 33% of metastatic breast
tumors in the Metastatic Breast Cancer dataset vs 17% of pri-
mary breast tumors from the TCGA invasive breast cancer data-
set (27) (Figure 2, I); further stratification of NDRG1 amplification
by molecular subtype of the invasive breast cancer dataset
revealed increased NDRG1 amplification in the basal-like sub-
type (36%), followed by the HER2þ (25%) and Luminal A (2.8%)
subtypes, indicating that NDRG1 is linked to tumor aggressive-
ness features (Figure 2, J). Further, our TCGA data analysis
shows that increased DNA copy number through amplification
and gain of the NDRG1 gene was associated with increased
mRNA (P < .001) and protein (P < .001) expression levels
(Supplementary Figure 2, C, available online) relative to nonam-
plified tumors.

We further validated these observations by immunostaining
a TMA consisting of several breast cancer patient–derived xeno-
graft (PDX) and mouse xenograft tumors (Supplementary Figure

3, A). We found cytoplasmic NDRG1 protein expression to be
heterogeneous (Supplementary Figure 3, B and C, available on-
line). NDRG1 score was higher in more aggressive ER-negative
and TNBC tumors relative to ERþ (mean [SD], 83.42 [61.17] vs
21.25 [17.50], P ¼ .05) and non-TNBC tumors (mean [SD], 93.33
[59.66] vs 37.92 [46.54], P ¼ .006, respectively; Supplementary
Figure 3, D–F, available online). Collectively, our findings dem-
onstrate that NDRG1 was positively correlated with poor clinical
outcomes and with molecular and pathological tumor traits
commonly associated with aggressiveness.

Effect of NDRG1 Silencing on Invasion of Aggressive
Breast Cancer Cells and Tumor-Initiating Cell
Subpopulations

To investigate the role of NDRG1 in aggressive breast cancers,
we generated stable NDRG1-knockdown (KD) cell lines with

Figure 2. Analysis of NDRG1 expression in breast cancer and its correlation with survival outcome. A) NDRG1 expression in breast tumor samples and in normal tissue

(Woodward—GSE45581). NDRG1 expression according to B) estrogen receptor (ER) status, C) breast cancer molecular subtype, D) triple-negative breast cancer (TNBC) vs

non-TNBC status, and E) grade in tumor samples from patients with breast cancer. F) Kaplan-Meier (KM) curve estimates of overall survival by NDRG1 status using KM

Plot [NDRG1-low (n¼ 701); NDRG1-high (n¼701)] and Desmedt [NDRG1-low (n¼99); NDRG1-high (n¼99)] datasets. G) NDRG1 expression by metastasis status. H) KM

estimates of metastasis-free survival using Hatzis dataset [NDRG1-low (n¼ 255); NDRG1-high (n¼253)] and Loi dataset [NDRG1-low (n¼43); NDRG1-high (n¼44)].

Independent cohorts were used to analyze NDRG1 median expression and survival outcomes. Horizontal lines indicate mean and error bars indicate SD. P values were

calculated with 2-sided Mann-Whitney tests (A–E, G) and 2-sided log-rank tests, and the hazard ratio (HR) with 95% confidence interval (95% CI) is shown (F, H). I)

NDRG1 amplification analysis in primary tumors (from The Cancer Genome Atlas [TCGA]) and metastatic breast cancer tumors (from the Metastatic breast cancer proj-

ect dataset—CBioPortal). J) NDRG1 amplification in primary breast cancer by molecular subtype (data from TCGA). ER ¼ estrogen receptor.
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lentiviral short hairpin (shRNA)s: 2 TNBC [SUM149, BCX010] and
a HER2-positive [MDA-IBC3]. We confirmed KD of protein and
mRNA expression by immunoblotting (Figure 3, A) and real-
time polymerase chain reaction (RT-PCR, Supplementary Figure
4, A, available online). Silencing NDRG1 did not affect prolifera-
tion (Supplementary Figure 4, B–D, available online) but did re-
duce the capacity for colony formation (Figure 3, B). Because
tumor cells from patients with aggressive breast cancers are mi-
gratory, carrying a high risk of metastatic disease, and are
enriched in tumor-initiating cells, we investigated the effect of
NDRG1 depletion on migration, invasion, and tumor-initiating
cell subpopulations. Silencing NDRG1 expression reduced mi-
gration and invasion in SUM149 and BCX010 cells (Figure 3, C
and D; Supplementary Figure 4, E and F, available online);
knocking down NDRG1 also reduced primary and secondary
mammospheres relative to control cells (Figure 3, E and F). We
also found statistically significant reductions in CD44þCD24–

cells in the NDRG1-depleted cells (mean [SD], SUM149 control
[Ctl] ¼ 100 [14.47], KD1¼ 11.97 [7.91], KD2¼ 18.85 [16.98]; BCX010

Ctl ¼ 100 [6.62], KD1¼ 26.58 [4.53], P < .001; Figure 3, G;
Supplementary Figure 4, G, available online). Overexpression of
NDRG1 in depleted cells rescued the CD44þCD24– tumor-initiat-
ing cell population and the migration capacity (Figure 3, H–K;
Supplementary Figure 4, H–J, available online). Of note, MDA-
IBC3 cells are nonmigratory, noninvasive, and do not express a
CD44þCD24– subpopulation in vitro, although they are tumori-
genic in mouse xenografts. Taken together, our findings indi-
cate that inhibition of NDRG1 in aggressive breast cancer cells
suppresses traits associated with cancer cell aggressiveness.

Impact of NDRG1 KD on Primary Tumor Growth and
Brain Metastasis

To investigate the function of NDRG1 in tumor growth and pro-
gression, we transplanted control or NDRG1-KD SUM149 and
MDA-IBC3 cells into the cleared mammary fat pads of immuno-
compromised SCID/Beige mice. Mice implanted with NDRG1-
silenced SUM149 cells had statistically significantly smaller tumor
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Figure 3. Effect of NDRG1 silencing on invasion and tumor-initiating cell subpopulations in aggressive breast cancer cells. A) Stable knockdown of NDRG1 in SUM149,

MDA-IBC3, and BCX010 breast cancer cell lines by using lentiviral shRNA vectors confirmed by immunoblotting. B) Colony formation, (C) migration, and (D) invasion as-

say findings for NDRG1 control and NDRG1-silenced cells. E) Primary mammosphere formation and (F) secondary mammosphere formation in NDRG1 control and

knockdown cells. G) Analysis of CD44þCD24– cells, a surrogate for tumor-initiating cells, in NDRG1 control and knockdown cells. H) Immunoblotting confirmed tran-

sient overexpression of NDRG1 in the NDRG1-silenced cells. I) Analysis of CD44þ and CD24þ subpopulations of SUM149 cells after overexpression of NDRG1 in depleted

cells. J) CD44þCD24– cells of BCX010 cells after NDRG1 overexpression. K) Migration assay after NDRG1 overexpression in NDRG1-silenced cells. Bar graphs indicate

means and error bars indicate SD, calculated after 3 independent experiments; P values from 2-sided t tests. Ctl ¼ shRNA control; KD1 ¼ knockdown variant 1; KD2 ¼
knockdown variant 2; OE ¼ overexpression.
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Figure 4. Impact of silencing NDRG1 on primary tumor growth and brain metastasis. A) Xenograft tumor volumes were measured weekly after transplantation of

NDRG1 control (n¼7) and NDRG1-silenced (n¼10) SUM149 (mean [SD]: shRNA control [Ctl] ¼ 1497 [410.9]; knockdown variant 1 [KD1]¼393.3 [229.5]; knockdown vari-

ant 2 [KD2]¼590.7 [408.5] mm3) or MDA-IBC3 (Ctl ¼ 981.6 [787.8]; KD1¼368.2 [395.1] mm3) cells. Graphs show mean and error bars indicate SD; P value from 2-sided t

tests. B) Tumor weights after resection in SUM149 (Ctl ¼ 1.6 [0.15]; KD1¼0.47 [0.25]; KD2¼0.78 [0.49] g) and MDA-IBC3 (Ctl ¼ 1.3 [0.32]; KD1¼0.6 [0.19] g) xenografts.

Horizontal lines indicate mean and error bars indicate SD; P value from 2-sided t tests. C) Tumor latency (the time to initiation of tumor growth) in SUM149 (Ctl ¼ 15 [0];
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volumes (mean [SD], Ctl ¼ 1497 [410.9], KD1¼ 393.3 [229.5],
KD2¼ 590.7 [408.5], P < .001; Figure 4, A) and weights (mean [SD],
Ctl ¼ 1.6 [0.15], KD1¼ 0.47 [0.25], KD2¼ 0.78 [0.49], P < .001;
Figure 4, B). The latency period was also longer in mice trans-
planted with NDRG1-silenced SUM149 cells relative to control-
transplanted mice (mean [SD], 15 [0] vs 31.8 [14.46] days for Ctl vs
KD1, P ¼ .003; 15 [0] vs 54.6 [20.82] days for KD2, P < .001; Figure 4,
C). Histologic examination showed that tumors from SUM149 con-
trol cells were invasive and poorly differentiated, with increased
pleomorphic and metaplastic squamous cells and high levels of
necrosis; although NDRG1-silenced SUM149 tumors were also
poorly differentiated, they exhibited fewer metaplastic squamous
cells and less necrosis (Figure 4, D; Supplementary Figure 5, A and
B, available online). In previous studies, the presence of metaplas-
tic squamous cells or necrosis has been associated with aggressive
behavior and poor prognosis (28-30). Differences in necrosis were
less evident for the MDA-IBC3-control and -KD transplanted
tumors (Figure 4, E; Supplementary Figure 5, B, available online).
Immunohistochemical staining of sections from SUM149 and
MDA-IBC3 xenografts confirmed reduced expression of NDRG1
and NDRG1_pT346 in tumors generated from NDRG1-silenced
cells and showed the presence of highly proliferative Ki-67–posi-
tive cells, regardless of their NDRG1 expression status (Figure 4, D
and E; Supplementary Figure 5, C and D, available online). We fur-
ther confirmed the correlation between NDRG1 expression and in-
creased necrosis in TMAs from breast cancer PDXs and
xenografts, wherein NDRG1-high protein expression was in the
peri-necrotic areas of tumors (Supplementary Figure 5, E and F,
available online).

To examine the role of NDRG1 in brain metastatic coloniza-
tion, we injected red fluorescent protein (RFP)-labeled MDA-
IBC3 NDRG1-control or -KD cells into the tail vein of SCID/Beige
mice and examined the tumor incidence and tumor burden by
fluorescent stereomicroscopy and histology. Figure 4, F shows
representative images of brain metastasis and NDRG1/
NDRG1_pT346 expression. NDRG1 silencing statistically signifi-
cantly inhibited the incidence of brain metastasis relative to
control cells (10 of 10 Ctl mice vs 2 of 10 KD1 mice, P ¼ .005, 2-
sided Fisher’s exact test; Figure 4, G). NDRG1 silencing also re-
duced the brain metastasis burden (Figure 4, H) and the number
of brain metastases per mouse vs controls (Figure 4, I).
Collectively, our in vivo findings implicate NDRG1 in tumor
growth and brain metastasis in aggressive mouse models of
breast cancer.

NDRG1 Regulation of AKT Signaling in Aggressive Breast
Cancer Cells

To identify potential pathways involved in NDRG1-mediated
promotion of invasion and tumorigenesis, we first analyzed the
TCGA proteomics dataset and found that NDRG1_pT346 was as-
sociated with the mTOR-AKT signaling pathway (Figure 5, A;
Supplementary Tables 2-4, available online). Moreover, gene set
enrichment analysis of our proteomics data in the NDRG1-high

MDA-IBC3.2 subline showed enrichment of the PI3K-AKT-mTOR
signaling pathway relative to the NDRG1-low MDA-IBC3.1 sub-
line (Supplementary Figure 6, A, available online). NDRG1 si-
lencing in breast cancer cell lines showed reduction of
phospho-AKT (AKT_pS473, the bona fide mTORC2 activity read-
out), whereas overexpression of NDRG1 in silenced cells rescued
AKT_pS473 expression (Figure 5, B). Consistently, immunos-
taining of sections from NDRG1-KD SUM149 tumor xenografts
showed reduction in AKT_pS473 levels (Figure 5, C), indicating
that NDRG1 silencing impairs mTOR-AKT signaling. Treatment
with AKT inhibitor MK2206 reduced the levels of AKT_pS473, as
expected; however, it did not affect the expression of NDRG1 or
NDRG1_pT346 (Supplementary Figure 6, B, available online).
Similarly, treating cells with PI3K inhibitors did not affect the
expression of either NDRG1 or NDRG1_pT346 (Supplementary
Figure 6, C, available online). However, AZD8055, a dual mTOR
inhibitor, or BEZ235, a dual PI3K-mTOR inhibitor, reduced the
levels of AKT_pS473 and NDRG1_pT346 at 1 h (Supplementary
Figure 6, D and F, available online) and at 24 hours (Figure 5, D
and F) and reduced migration (Figure 5, E and G;
Supplementary Figure 6, E and G, available online). Our results
indicate that NDRG1 mediates its effects via phosphorylation of
AKT in an mTOR-dependent but PI3K-independent mechanism
(Figure 5, H).

Prognostic Significance of NDRG1 in Patients With
Breast Cancer

Given our finding from datasets that NDRG1 mRNA expression
correlates with aggressiveness and poor outcome in patients
with breast cancer (Figure 2), we immunostained NDRG1 on
TMAs from 216 patients with breast cancer who had been
treated at MD Anderson. The median follow-up time was
73 months. A representative image of the immunohistochemi-
cal staining for NDRG1 protein is shown in Figure 6, A. NDRG1
was grouped as NDRG1-low (� the median) or NDRG1-high
(>the median) based on the H-score. Table 1 summarizes clini-
copathological patient characteristics stratified by NDRG1 ex-
pression status. NDRG1 expression, pathological stage, tumor
grade, hormone receptor status, ER status, progesterone recep-
tor status, and TNBC status were associated with OS and breast
cancer–specific survival (BCSS) (Table 2). NDRG1-high levels
also were positively associated with ER-negative status, TNBC
status, and high-grade tumors (Figure 6, B-D). NDRG1-high ex-
pression was also associated with shorter OS (HR ¼ 2.27, 95% CI
¼ 1.20 to 4.29, P ¼ .009) and BCSS (HR ¼ 2.19, 95% CI ¼ 1.07 to
4.48, P ¼ .03) (Figure 6, E and F). In this cohort, having early-
stage (I-II), ER-positive, or non-TNBC tumors was associated
with better survival outcomes (Supplementary Figure 7, A-F,
available online). Moreover, having NDRG1-high–expressing
advanced-stage breast tumor was associated with reduced OS
and BCSS relative to NDRG1-low–expressing advanced-stage
tumors (P < .001; Supplementary Figure 7, A and B, available on-
line). On multivariable analysis, NDRG1-high expression was

KD1¼31.8 [14.46]; KD2¼47.6 [20.82] days) and MDA-IBC3 (Ctl ¼ 41 [8.42]; KD1¼54.6 [10] days) xenografts. Horizontal lines indicate mean. P value from 2-sided t tests.

D) Hematoxylin and eosin (HE) staining and immunostaining (for total and phosphorylated NDRG1 [NDRG1_pT346]) of SUM149 xenografts. Arrowheads point to meta-

plastic squamous cell features in NDRG1 control cells. Scale bar ¼ 100mm. E) HE and immunostaining (for total NDRG1 and NDRG1_pT346) of MDA-IBC3-derived tumors.

Scale bar ¼ 100mm. F) Images of whole brains showing metastases labeled with red fluorescence protein. Panels below show HE staining of metastatic outgrowth in the

brain. Scale bar ¼ 200 mm. Panels below immunostaining for total NDRG1 and NDRG1_pT346. Scale bar ¼ 100 mm. G) Incidence of brain metastases after tail-vein injec-

tion of MDA-IBC3 control or NDRG1-silenced cells. P value from 2-sided Fisher’s exact test. H) Quantification of brain metastasis burden in lesions generated from

NDRG1 control and silenced MDA-IBC3 cells. Horizontal lines indicate mean and error bars indicate SD. P value from 2-sided Mann-Whitney test. I) Number of brain

metastases per mouse, calculated as number of red fluorescence protein (RFP)–positive spots in the brain of each mouse. Horizontal lines indicate mean and error bars

indicate SD and P value from 2-sided unpaired t test. HE ¼ hematoxylin and eosin; OE ¼ overexpression.
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Figure 5. NDRG1 regulation of AKT signaling in aggressive breast cancer cells. A) Analysis of proteomic data from The Cancer Genome Atlas (TCGA) dataset shows correlations

between phosphorylated NDRG1 (NDRG1_pT346) expression and proteins in the mTOR-AKT pathway. In total 224 proteins are shown, and highlighted on the boxes on the right

are the top positive or negative correlations. B) Immunoblotting for total NDRG1, NDRG1_pT346, and phosphorylated AKT (AKT_pS473) after overexpression of NDRG1 in the si-

lenced cells. Actin was used as internal control. Quantification of AKT-pS473 is shown. (C) Immunostaining of total NDRG1, NDRG1_pT346, and AKT_pS473 in SUM149-derived

xenografts. Scale bar ¼ 100mm. D) Immunoblotting for total NDRG1, NDRG1_pT346, and pAKT_S473 and (E) quantification of migration after cells were treated with the dual

mTOR inhibitor AZD8055 (300 nM for 24hours). Bar graphs indicate mean and error bars indicate SD, calculated after 3 independent experiments; P values from 2-sided t tests.

Scale bar ¼ 200mm. F) Immunoblotting for total NDRG1, NDRG1_pT346, and pAKT_S473 and (G) quantification of migration after cells were treated with the dual PI3K-mTOR in-

hibitor BEZ235 (500 nM for 24 hours). Bar graphs indicate mean and error bars indicate SD, calculated after 3 independent experiments; P values from 2-sided t tests. Scale bar ¼
200mm. H) Proposed mechanism of actions of NDRG1. PI3K phosphorylates PIP3, which in turn activates PDK1 and mTORC2. AKT is phosphorylated at T308 by PDK1 and at S473

by mTORC2; after both phosphorylations, AKT activates mTORC1. mTORC2 activates SGK1, which phosphorylates NDRG1, and that, at least in part, affects phospho-AKT status.

AKT ¼ AKT serine/threonine kinase; Ctl ¼ shRNA control; KD1 ¼ knockdown variant 1; KD2 ¼ knockdown variant 2; mTOR ¼mechanistic target of rapamycin kinase; mTORC1

¼mTOR complex 1; mTORC2 =, mTOR Complex 2; NDRG1¼ N-Myc downstream regulated 1; OE¼ overexpression; PDK1¼ pyruvate dehydrogenase kinase 1; PI3K¼ phosphati-

dylinositol-4,5-bisphosphate 3-kinase; RAPTOR ¼ regulatory-associated protein of MTOR complex 1; RICTOR ¼ RPTOR-independent companion of MTOR complex 2; SD ¼ stan-

dard deviation; SGK1¼ serum/glucocorticoid regulated kinase 1; TSC¼ TSC complex subunit.
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found to be an independent predictor of OS (HR ¼ 2.17, 95% CI ¼
1.10 to 4.30, P ¼ .03) and BCSS (HR ¼ 2.27, 95% CI ¼ 1.05 to 4.92, P
¼ .04) (Table 2). Collectively, these findings demonstrate that
NDRG1 is an independent predictor of poor outcome in breast
cancer and suggest that NDRG1 is a critical contributor to the
aggressiveness of breast tumors.

Discussion

Although NDRG1 has been defined as a metastasis suppressor,
increasing evidence demonstrates that it also functions as a
promoter of tumorigenesis and metastasis in some cancer
types. In this article, we report 1) NDRG1 correlated positively
with poor clinical outcomes and with tumor traits that are fre-
quently associated with aggressive phenotypes, 2) NDRG1 de-
pletion in aggressive breast cancer cells reduced invasion and
migration capacity and reduced tumor-initiating cell subpopu-
lation, 3) NDRG1 is required for primary tumor growth and brain
metastatic colonization in mouse models, 4) NDRG1-high pro-
tein expression predicts poor survival outcomes independently
of other known prognostic variables, and 5) the tumor-
promoting effect of NDRG1 is mediated through activation of
mTOR-AKT signaling.

NDRG1 is known to be activated in the presence of cellular
stress conditions, such as hypoxia, and is involved in resistance

to chemotherapy (31-35). In breast cancer, NDRG1 is widely de-
scribed as suppressing tumorigenesis and metastasis by inhibi-
tion of proliferation and invasion of breast cancer cells (23-25).
However, NDRG1 has also been associated with worse outcome
and promotion of aggressiveness and tumorigenesis in breast
cancer (36-38). We recently showed that NDRG1 was indepen-
dently correlated with reduced OS and disease-specific survival
in patients with inflammatory breast cancer (21). These obser-
vations suggest that NDRG1 has a context-dependent function
in breast cancers. Indeed, many studies that described NDRG1
as a metastasis suppressor in breast cancer used ER-positive,
less aggressive breast cancer cell lines such as MCF-7 (39-41). In
the current study, we showed that NDRG1 functions as a pro-
moter of tumor growth and brain metastasis in ER-negative, ag-
gressive breast cancers. Indeed, analysis of multiple
independent datasets indicated NDRG1 is statistically signifi-
cantly higher in ER-negative tumors, aggressive molecular sub-
types, and high-grade tumors; and patients with NDRG1-high–
expressing tumors had worse survival outcomes. We confirmed
these results by using several different approaches. First, we
evaluated TMAs containing breast cancer xenografts and PDX
tumors and found that NDRG1 was highly expressed in ER-
negative and TNBC tumors. Second, we conducted in vitro and
in vivo experiments using ER-negative, aggressive breast cancer
cell lines and found that NDRG1 depletion reduced colony
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Figure 6. Prognostic significance of NDRG1 in patients with breast cancer. A) Representative photomicrographs of NDRG1 expression in tissue microarrays from breast

cancer patients; left, an invasive breast carcinoma with weak and focal staining for NDRG1; right, another invasive breast carcinoma with strong and diffuse staining

for NDRG1. Scale bar ¼ 200mm. Inset, high-magnification photomicrograph shows cytoplasmic and membranous NDRG1 staining in tumor cells. Scale bar ¼ 50mm.

NDRG1 expression according to (B) estrogen receptor, (C) triple-negative breast cancer (TNBC), and (D) grade status. Horizontal lines indicate medians and error bars in-

dicate SD; P values from 2-sided Mann-Whitney tests. Kaplan-Meier estimates of (E) overall survival and (F) breast cancer–specific survival according to NDRG1 expres-

sion. P values from log-rank tests, and the hazard ratio with 95% confidence interval (95% CI) is shown. ER ¼ estrogen receptor; HR ¼ hazard ratio.
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formation, migration, invasion, and tumor-initiating cells
in vitro and primary tumor growth and brain metastasis coloni-
zation in vivo. Third, immunostaining of patient tumors dem-
onstrated that NDRG1 is an independent prognostic factor for
poorer OS and BCSS. These findings strongly support that
NDRG1 is a critical contributor to tumor growth and metastasis
in aggressive breast cancer. Of note, NDRG1, located in the 8q24
MYC amplicon locus, could be coamplified with MYC, a major
driver of cancer aggressiveness and progression. Although our
work suggests that NDRG1 is a driver of the oncogenic pheno-
types we observed in aggressive breast cancers, we cannot ex-
clude these phenotypes could also be a consequence of its
coamplification with MYC. Little is known about whether the
genes in the 8q24 locus that are coamplified with MYC (eg,
NDRG1) have coordinated effects with MYC or act indepen-
dently of MYC. Previous reports have shown that elevated
NDRG1 expression is a more consistent biomarker of negative
prognosis than the MYC oncogene (37).

Aggressive breast cancer subtypes, including HER2þ and
TNBC, carry increased risks of developing brain metastasis. Our
study showed the importance of NDRG1 as a mediator of brain
metastasis development in 2 different mouse models. While
this manuscript was being prepared, Berghoff et al. (42)

published findings that slow-cycling breast cancer cells are in-
volved in the development of brain metastasis in breast cancer
and that NDRG1 was highly expressed in those cells, corroborat-
ing our results. Similarly, this group found a negative correla-
tion between NDRG1 expression and ER status, consistent with
our work. However, we observed some discrepancy between
their work and this study in the immunostaining results, which
in part reflects differences in the patient populations and
immunostaining pattern. For example, Berghoff et al. (42) con-
sidered only membranous staining of NDRG1, whereas our
study included both cytoplasmic and membranous staining be-
cause NDRG1 labels predominantly tumor cells at the cytoplasm
or membrane. Indeed, our immunostaining showed 41.2% cyto-
plasmic, 9.3% membranous, and 29.6% both.

The presence of hypoxic and necrotic areas is associated
with aggressive, fast-growing tumors, and the presence of ne-
crosis is a prognostic factor for breast cancer recurrence and
poor outcome (28,29). NDRG1 is known to localize in hypoxic
areas adjacent to necrosis. In hepatocellular carcinoma cells,
NDRG1 expression was associated with hypoxia-related resis-
tance to doxorubicin, and silencing of NDRG1 increased the sen-
sitivity of hypoxic cells to treatment (31,35,43,44). In our study,
we observed that xenografts from NDRG1-silenced SUM149 cells

Table 1. Clinicopathological characteristics of tumor samples from 216 patients with breast cancer according to NDRG1 expression

Variable NDRG1-low (n¼ 115) NDRG1-high (n¼ 101) P

Age
Mean (SD), y 54.74 (11.55) 55.72 (13.61) .57a

Age group, No. (%)
� 55 y 62 (53.9) 51 (50.5) .62b

>55 y 53 (46.1) 50 (49.5)
Race, no. (%)

Black 12 (10.4) 25 (24.8) .006b

Hispanic 23 (20) 10 (9.9)
Other 5 (4.3) 9 (8.9)
White 75 (65.2) 57 (56.4)

Pathological disease stage, No. (%)
I 43 (37.7) 41 (41.8) .81c

II 43 (37.7) 32 (32.7)
III 25 (21.9) 21 (21.4)
IV 3 (2.6) 4 (4.1)

Tumor grade, No. (%)
1-2 58 (50.4) 27 (26.7) <.001b

3 57 (49.6) 74 (73.3)
Hormone receptor, No. (%)

Negative 38 (33) 69 (68.3) <.001b

Positive 77 (67) 32 (31.7)
Estrogen receptor, No. (%)

Negative 38 (33) 69 (68.3) < .001b

Positive 77 (67) 32 (31.7)
Progesterone receptor, No. (%)

Negative 48 (41.7) 82 (81.2) <.001b

Positive 67 (58.3) 19 (18.8)
HER2, No. (%)

Negative 90 (78.3) 85 (84.2) .27b

Positive 25 (21.7) 16 (15.8)
Triple-negative breast cancer, No. (%)

No 83 (72.2) 36 (35.6) <.001b

Yes 32 (27.8) 65 (64.4)

aP value derived from 2-sided 2-sample t tests.
bP values were derived from 2-sided v2 tests.
cP value derived from 2-sided Fisher’s exact test.
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showed statistically significantly smaller necrotic areas. We fur-
ther observed a statistically significant positive correlation be-
tween NDRG1 expression and percentage of necrosis in tumors
in the TMAs of PDXs and xenograft tumors, further supporting
our findings that NDRG1 is associated with aggressive pheno-
typic traits.

In conclusion, our results underscore the importance of
NDRG1 in tumor growth and metastasis of aggressive breast
cancer. We further found NDRG1 to be an independent predictor
of poor clinical outcome in patients with breast cancer. These
results suggest that NDRG1 may serve as a therapeutic target
and prognostic biomarker in aggressive breast cancers.
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