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Epithelial tumor cells transit to a mesenchymal state in response to extracellular cues, in a process known as
epithelial-to-mesenchymal transition (EMT). The precise nature of these cues has not been fully defined, an
important issue given that EMT is an early event in tumor metastasis. Here, we have found that a population
of metastasis-prone mouse lung adenocarcinoma cells expresses Notch and Notch ligands and that the Notch
ligand Jagged2 promotes metastasis. Mechanistically, Jagged2 was found to promote metastasis by increasing
the expression of GATA-binding (Gata) factors, which suppressed expression of the microRNA-200 (miR-200)
family of microRNAs that target the transcriptional repressors that drive EMT and thereby induced EMT.
Reciprocally, miR-200 inhibited expression of Gata3, which reversed EMT and abrogated metastasis, suggest-
ing that Gata3 and miR-200 are mutually inhibitory and have opposing effects on EMT and metastasis. Consis-
tent with this, high levels of Gata3 expression correlated with EMT in primary tumors from 2 cohorts of lung
adenocarcinoma patients. These findings reveal what we believe to be a novel Jagged2/miR-200-dependent
pathway that mediates lung adenocarcinoma EMT and metastasis in mice and may have implications for the

treatment of human epithelial tumors.

Introduction

Lung cancer is the foremost cause of cancer-related death in
Western countries, and metastasis is the leading cause of death
in patients with lung cancer. Improving clinical outcomes will
require a better understanding of the biological processes that
initiate metastasis. Toward that goal, mouse models have been
generated that develop lung adenocarcinomas with high or
low propensities for invasion and metastasis. Mice that express
K-ras%1?P alleles inducibly, conditionally, or somatically devel-
op lung adenocarcinomas with low invasive and metastatic
potential (1-5), whereas mice that express K-rasS12P and p53R172H
alleles develop lung adenocarcinomas that metastasize widely
(6-9). Thus, K-ras-driven mouse models of lung cancer acquire
metastatic potential with the addition of a second mutation
commonly found in lung cancer.

Investigators have used mouse models of cancer to study the
biological basis of metastasis. In one working hypothesis, epithe-
lial tumor cells acquire the ability to invade and disseminate by
undergoing epithelial-to-mesenchymal transition (EMT), which
is characterized by a loss of cell-cell attachments and apical-basal
polarization and gain of mesenchymal and invasive properties
(10-19). The process of EMT is regulated by several transcrip-
tional suppressor families, including the zinc-finger proteins
Snaill and Snail2, the 2-handed zinc-finger 0EF1 family factors
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(OEF1/Zeb1 and SIP1/Zeb2), and the basic helix-loop-helix fac-
tors Twist and E12/E47 (17,20-22). Zeb1 and Zeb2 expression are
regulated by the microRNA-200 family, which includes 5 mem-
bers clustered in 2 genomic loci (200b-200a-429 and 200c-141;
collectively referred to here as miR-200), and several groups have
demonstrated that miR-200 targets Zeb1 and Zeb2 (23-25). We
have reported that metastasis-prone tumor cells derived from
Krast41/"p§3RI72ZHAG/* mice transit reversibly between epithelial and
mesenchymal states, forming highly polarized epithelial spheres
in 3-dimensional culture that undergo EMT after treatment with
TGF-f or subcutaneous injection into syngeneic mice, indicating
that the metastatic capacity of these tumor cells is not limited to
the lung microenvironment (7). Furthermore, this EMT is asso-
ciated with profound suppression of miR-200 levels, and forced
expression of miR-200 locks these tumor cells into an epithelial
state and abrogates their metastatic capacity in syngeneic mice (7).
Consistent with these findings, low miR-200b levels in early-stage
lung cancer specimens predicts disease recurrence (26). Collectively,
these findings suggest that miR-200 is a central regulator of
tumor metastasis and demonstrate a critical need to understand
the extracellular cues that regulate miR-200 expression.
Environmental signals regulate EMT through cell-cell contacts
mediated by families of transmembrane receptors and ligands
expressed onadjacentcells (27). Anotable example of this is the Notch
axis, which includes 4 Notch family members (Notch1-Notch4)
and 5 Notch ligands — 3 Delta-like ligands (DI11, D113, and DI14)
and 2 serrate-like ligands (Jagged1 and Jagged2) (28, 29). Jagged1-
induced Notch activation promotes EMT of breast epithelial cells
through Snail2 (30), but the mechanism by which Notch increases
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Figure 1
CD133 expression in primary and metastatic tumors in KrastA?+p53R172HAG+ mice and in syngeneic mice injected with 344SQ cells. CD133 staining
(green) in metastases to (A and B) heart, (C and D) diaphragm, (E and F) chest wall, and (G and H) liver and (I and J) a primary lung tumor from
KrastAT+p53R172HAGH mice, (K and L) in a primary subcutaneous tumor and (M and N) large and (O and P) small lung metastases from syngeneic
mice injected with 344SQ cells, and in a primary subcutaneous tumor in mice injected with (Q and R) CD133" and (S and T) CD133" 344SQ tumor
cells. Sections were costained with DAPI (blue). Under each CD133/DAPI-stained panel is a panel with hematoxylin and eosin staining of an adjacent
tissue section. Original magnification, x20 (A-1 and M-T); x4 (J-L). Scale bars: 100 um (A-l, L, N, and P-T); 200 um (J and K); 50 um (M and O).

Snail2 expression has not been elucidated. Ligand binding induces
Notch cleavage by a transmembrane protease of the a disintegrin
and metalloproteinase (ADAM) family and a membranous pro-
tein complex containing presenilin, which has y-secretase activity
(28). The intracellular portion of Notch is thereby released and
translocates to the nucleus in which it acts as a cofactor for the
transcription factor CBF-1/suppressor of hairless/Lagl (CSL).
One of the transcriptional targets of CSL is the transcription fac-
tor GATA3, a key regulator of embryonic development and adult
progenitor cell maturation (31, 32). The Notch pathway is consti-
tutively activated in cancer cells originating from the lung and
other tissues, due to gain-of-function mutations in Notch genes and
overexpression of Notch ligands (33, 34). However, GATA3 report-
edly restrains tumorigenesis in breast tumor models by suppress-
ing INK4C transcription (335, 36), suggesting that the net effect of
Notch and GATA3 on tumorigenesis is context dependent.

In this study, we sought to discover extracellular cues that
regulate metastasis by using mice that develop widely meta-
static lung adenocarcinomas, owing to expression of p53R172H
and a latent, somatically activated K-ras9?P allele (9), and share
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transcriptional features of primary tumors from lung cancer
patients with poor prognosis (6). Using a syngeneic tumor
model derived from these mice (7), we isolated metastasis-prone
tumor cells by sorting tumors on the basis of CD133 (also
known as Prominin-1), a putative marker of tumor-initiating
cells and metastasis-prone tumor cells in some human tumors
and mouse models of human cancer (37, 38). We show that
tumor cell EMT and metastasis are dependent upon Jagged?2,
which promotes EMT by decreasing miR-200 expression.

Results
Isolation of metastasis-prone tumor cells. We examined CD133 expres-
sion in primary and metastatic tumor deposits isolated from
KrastA1/tp53RI72HAG/ mice and in lung adenocarcinoma cell lines
derived from these mice that metastasize with defined frequency
(high or low) in syngeneic mice (7). In KrastAV/*pS3RI7ZZHAG/ mice,
CD133-expressing tumor cells formed large clusters in metastatic
deposits (Figure 1, A-H), whereas they were found as solitary cells
or in small clusters in primary lung tumors (Figure 1, I and J).
A metastasis-prone lung adenocarcinoma cell line derived from
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Figure 2

Transcriptional profiling of CD133" and CD133' fractions of 344SQ tumors. (A) Heat map of 681 genes that were differentially expressed in
CD133" and CD133" fractions of 344SQ tumors (n = 3 for each). Notch ligands (top) and Gene Ontology (GO) terms (right) are indicated. (B)
Quantitative RT-PCR analysis performed on paired triplicate RNA samples was normalized on the basis of L32 mRNA, and CD133" values were
expressed as mean values (+ SD) relative to those of CD133" values, which were set at 1.0; P values are from paired t test. (C) Western blotting of
CD1383, Notch ligands, Notch isoforms, and Actin in CD133° and CD 133" fractions of a 344SQ tumor. Actin indicates relative protein loading. Pro-
tein band density was quantified by densitometry, normalized to that of CD133" cells (which was set at 1.0), and is indicated below each blot.

KrastA1/"p§3RIZZHAG/ mice (344SQ) expressed CD133 in culture
(Supplemental Figure 1A; supplemental material available online
with this article; doi:10.1172/JCI42579DS1) and after subcuta-
neous injection into syngeneic mice, in which it was detected on
the periphery of primary tumors (Figure 1, K and L); diffusely
throughout small, nascent metastatic deposits (Figure 1, O and P);
and on the periphery of large metastases (Figure 1, M and N). The
percentage of tumor cells that expressed CD133 per metastasis
was estimated by counting CD133ps cells and total DAPI-stained
tumor cells within metastatic deposits (Figure 1, A-H). On aver-
age, 87% of the tumor cells expressed CD133. Collectively, these
findings raised the possibility that CD133 marks a population of
metastasis-prone tumor cells.

To examine this possibility, 344SQ syngeneic tumors were
sorted into CD133" and CD133'° fractions by flow cytometry
(Supplemental Figure 1B), and these fractions were injected into
the flanks of syngeneic mice (10,000 cells per mouse, 7 = 14 mice
per cohort) (Supplemental Table 1). Immunofluorescent staining
revealed CD133 expression in the majority of tumor cells arising
from the CD133M fraction and in rare tumor cells arising from the
CD133k fraction (Figure 1, Q-T). Although the 2 fractions exhib-
ited similar tumorigenicity, generating subcutaneous tumors in
13 out of 14 mice injected with CD133" cells and 11 out of 14
mice injected with CD133 cells, lung metastases arose 4-fold
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more frequently in mice injected with the CD133M fraction than
in those injected with the CD133% fraction (8 out of 13 mice bear-
ing CD133M fraction tumors vs. 2 out of 11 mice bearing CD133l°
fraction tumors, respectively; P = 0.047, 2-sided Fisher’s exact test;
Supplemental Table 1), indicating that the CD133" fraction was
enriched in metastasis-prone tumor cells.

Transcriptional profiling of CD133" and CD133% 344S0Q cells. To
identify transcriptional features of the CD133h tumor cells that
regulate metastasis, RNA samples were prepared from 344SQ
CD133hM and CD133% tumor fractions (n = 3 for each) and sub-
jected to Affymetrix gene expression profiling, which revealed
681 unique differentially expressed genes (nominal P < 0.01, fold
change >1.5), of which 254 were increased and 427 were decreased
in the CD133" fraction (Figure 2A; lists of genes are available via
Gene Expression Omnibus accession number GSE15587; http://
www.ncbi.nlm.nih.gov/geo/). Using all 20,959 genes on the array
as a reference, enrichment analysis using Gene Ontology terms
demonstrated highly significant enrichment of the increased-
expression gene set in “Notch-binding” (3 out of 8 genes; 1-sided
Fisher’s exact test, P = 9.42 x 10-5), “calcium ion binding” (21 out
of 781 genes; P=5.7 x 10-%), “EMT” (2 out of 6 genes; P=2.1 x 10-3),
“extracellular space” (38 out of 1,910 genes; P = 1.6 x 1073), “inte-
gral to membrane” (60 out of 3,618 genes; P = 5.7 x 10-%), and
“tight junctions” (5 out of 67 genes; P = 1.3 x 10-3). Such broad
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Characterization of Jagged-depleted 344SQ cells. (A and B) Jagged depletion inactivates Notch. Quantification of (A) Jag7 and (B) Jag2 mRNA
by quantitative PCR (bar graph) and Notch activation by Western blotting of cleaved Notch1 (gels) in Jaggedi-depleted (Jag1 KD), Jagged2-
depleted (Jag2 KD), and control (Scr) 344SQ transfectants. Quantitative PCR values were normalized based on L32 mRNA and expressed as
the mean values of replicate (triplicate) samples relative to that of controls, which were set at 1.0. Actin indicates relative protein loading. (C
and D) Jagged depletion has no effect on 344SQ cell proliferation. Quantification of (C) Jagged1-depleted and (D) Jagged2-depleted 344SQ
cells grown in monolayer, counted at the indicated time points and expressed as the mean values (+ SD) of replicate (triplicate) wells. (E and F)
Inhibition of 344SQ cell migration and invasion by depletion of Jagged2 but not Jagged1. Images of migrated (top rows) and invaded (bottom
rows) (E) Jagged1i-depleted, (F) Jagged2-depleted, and (E and F) control 344SQ cells, which were counted and expressed as the mean values
(+ SD) of replicate (triplicate) wells (bar graphs), with P values from Welch’s t test using log-transformed data. Scale bars: 100 um.

differences in gene expression are remarkable given that these
fractions were derived from a uniform population of tumor cells
that differed on the basis of a single cell surface marker.

From the standpoint of extracellular signals that might regu-
late metastasis, “Notch binding” was a term of particular interest,
because Notch ligands mediate cell-cell interactions. We confirmed
that the CD133" cell fraction had significantly higher expression
of Jagged1 (Jagl), Jagged2 (Jag2), Dll4, Notch1, and Notch2 (Figure
2B). Furthermore, the CD133" cell fraction had increased acti-
vated (cleaved) intracellular forms of all 3 Notch family members
(Figure 2C) and HesI mRNA, a Notchl transcriptional target
(ref. 28 and Figure 2B). Interestingly, D113 was significantly more
abundant in CD133! tumor cells (Figure 2, B and C), which
leads one to speculate that DII3 plays an opposite role to that of
other Notch ligands in this tumor model. Tumor tissues were
immunostained to determine whether Notch ligand expression is
1376
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restricted to those tumor cells that express CD133 on the basis of
signal colocalization using antibodies against CD133 and Jagged1
(optimal Jagged2-specific antibodies were not available for these
studies). Dual immunofluorescence staining of a 344SQ subcuta-
neous tumor revealed that Jagged1 was detected solely in CD133-
expressing tumor cells (Supplemental Figure 2, top and middle
rows), but a large fraction of CD133-expressing tumor cells had no
detectable Jagged1 (Supplemental Figure 2, bottom row), indicat-
ing the potential for differential Notch signaling within the pool
of CD133-expressing tumor cells.

Metastatic activity is Jagged2 dependent. To examine the role of
these Notch ligands in metastasis, 344SQ cells were stably trans-
fected with retroviral vectors expressing shRNA against Jagged1
(Figure 3A) or Jagged2 (Figure 3B), which decreased the levels of
Jagged mRNA and cleaved (activated) Notch1 protein (Figure 3,
A and B), reflecting a reduction in Notch activity. We examined
Volume 121
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Figure 4

Abrogation of TGF-p—induced EMT by depletion of Jagged2 but not Jagged1. (A) Jagged depletion has no effect on Smad phosphorylation.
Western blotting of total and phosphorylated (p) Smads in Jagged-depleted and control transfectants treated for the indicated time points with
TGF-B. Actin indicates relative protein loading. (B) Loss of TGF-p—induced morphologic changes in Jagged2-depleted but not Jagged1-depleted
or control 344SQ cells. Jagged2-depleted cells retain epithelial features after treatment for 48 hours with TGF-f (1 ng/ml) (bottom right panel).
Original magnification, x20. Scale bar: 100 um. (C and D) Loss of TGF-p—induced EMT by Jagged2 depletion. Quantitative PCR analysis of
(C) epithelial/mesenchymal markers and (D) transcriptional regulators of EMT in Jagged2-depleted and control shRNA transfectants treated for
48 hours with (black bars) or without (white bars) TGF-$ (1 ng/ml). Values represent the mean (+ SD) of replicate (triplicate) samples. P values
are based on comparison of TGF-f—treated samples (control vs. Jagged2 depleted). Q values estimate the fraction of comparisons with the
given nominally significant P value that may arise from multiple testing. (E) Western blotting of Snail1, Zeb1, Cdh2, Vim, and Actin in control and
Jagged2-depleted cells treated with medium or TGF-f3 (1 ng/ml) for 48 hours. Actin indicates relative protein loading. Protein band density was
quantified by densitometry, normalized to that of medium-treated control cells (which is set at 1.0), and is indicated below each blot.
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the ability of the transfectants to proliferate, migrate, and invade
in vitro and to form tumors and metastasize in syngeneic mice.
Although the proliferation of 344SQ cells in monolayer cultures
was not affected by knockdown of either Notch ligand (Figure 3,
C and D), the migratory and invasive capacities of 344SQ cells
were profoundly reduced by knockdown of Jagged2 but not Jag-
ged1 (Figure 3, E and F). Tumor incidence after subcutaneous
injection into syngeneic mice was reduced relative to that of
matched control transfectants for Jagged2-depleted 344SQ cells
(15 out of 15 mice bearing control tumors vs. 10 out of 15 mice
1378
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bearing Jagged2-depleted tumors, respectively; P = 0.021) but not
Jaggedl-depleted 344SQ cells (8 out of 8 mice bearing control
tumors vs. 6 out of 8 mice bearing Jaggedl-depleted tumors,
respectively; P = 0.23) (Supplemental Table 2). Furthermore, the
incidence of lung metastases in mice bearing visible subcutane-
ous tumors was reduced relative to that of control transfectants
for Jagged2-depleted 344SQ cells (14 out of 15 mice bearing con-
trol tumors vs. 1 out of 10 mice bearing Jagged2-depleted tumors,
respectively; P < 0.01) but not Jagged1-depleted 344SQ cells (8
out of 8 mice bearing control tumors vs. 3 out of 6 mice bearing
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Jagged1-depleted tumors, respectively; P = 0.055) (Supplemental
Table 2). Jagged2 knockdown in 344P, a second lung adenocar-
cinoma cell line derived from Kras'AV/*p53RI72HAG/ mice that has
mesenchymal features and is metastasis-prone (7), abrogated
metastasis but not tumorigenicity (Supplemental Table 2).

To explore the biologic basis for metastasis inhibition in Jagged2-
depleted cells, we examined whether Jagged2 depletion abrogated
the propensity to undergo EMT, a prominent feature of 344SQ
cells treated with TGF-f (7). Despite having no detectable effect on
Smad2 or Smad3 phosphorylation (Figure 4A), Jagged2 depletion
abrogated TGF-B-induced changes in cellular morphology (Fig-
ure 4B) and biochemical evidence of EMT, including expression of
epithelial (Cdh1) and mesenchymal (Cdh2 and Vim) markers (Fig-
ure 4, C and E) and the transcription factors that regulate them
(Zeb1 and Snaill) (Figure 4, D and E). We conclude that Jagged2 is
required for TGF-p-induced EMT.

Jagged?2 transcriptionally suppresses miR-200. Metastasis-prone
tumor cells from KrastAV*p53RI72HAG/* mice have a marked plastic-
ity, undergoing EMT and the reverse process (MET) in a manner
thatis entirely dependent upon miR-200 (7), but the extracellular
cues that regulate miR-200 expression are not clear. On the
basis of the above evidence that Jagged2 is required for inva-
sion and metastasis, we postulated that Jagged2 is one of those
extracellular cues. Analysis of miR-200 family members revealed
that Jagged2 knockdown increased the levels of miR-200a
(S fold), miR-200b (3 fold), miR-200c (7.8 fold), and miR-429
(5.5 fold), whereas Jaggedl depletion did not have this effect
(Figure 5A). To query the transcriptional basis for miR-200 regu-
lation by Jagged2, we examined the genomic sequences 5’ of the
miR-200b cluster. Of note were multiple binding sites for Gata
transcription factors, which are direct transcriptional targets of
Notch (31, 32), including 1 binding site for Gatal/2/3 from -79
to -71 bp upstream of the transcription start site, between the
pair of E-boxes to which Zeb-1 binds (39). 344SQ cells expressed
all 6 Gata family members. After Jagged2 depletion, all Gata
family members except Gatal decreased at the mRNA level (Fig-
ure 5B), and all but Gata4 decreased at the protein level (Figure
5C). Thus, the RNA and protein data were corroborative for all
of the Gata factors except Gatal and Gata4, and Jagged2 shRNA
coordinately decreased the expression of multiple Gata factors.
Given reports of cross-regulation between Gata family members
(40), we posited that the multiplicity of Gata factors regulated
by Jagged?2 is attributable to Gata factor cross-regulation. In
fact, knockdown of Gata3, which plays a central role in breast
cancer models (35, 36), decreased the levels of Gatal, Gata2, and
Gata$ (Supplemental Figure 3A), and add back of Gata3 to the
Gata3 shRNA transfectants restored expression of Gatal, Gata2,
and Gata$5 (Supplemental Figure 3B). Moreover, introduction
of Gata3 shRNA into 344SQ cells sharply increased miR-200a
(6 fold), miR-200b (10 fold), miR-200c¢ (9 fold), and miR-429
(7 fold) (Figure 5D) and decreased the mesenchymal markers
Snaill, Zeb1, N-cadherin, and Vimentin (Figure 5E). Similarly,
Jagged2 knockdown in 344P cells decreased Gata3 mRNA levels
by 72% and increased miR-200 family members by 6 to 7 fold;
Gata3 knockdown in 344P cells increased miR-200 family mem-
bers by 4 to 7 fold (Supplemental Figure 4); and Jagged2 knock-
down in HCC15 human lung cancer cells increased miR-200
family members by 1.8 to 8 fold (Supplemental Figure 5). Col-
lectively, these findings suggest that Gata3 functions as an inter-
mediate between Jagged2 and miR-200, but the relatively modest
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reductions in Gata3 mRNA (Supplemental Figure 5) and protein
(Figure 5C) induced by Jagged2 depletion leave open the pos-
sibility that Jagged2 regulates miR-200 levels through a Gata3-
independent mechanism.

To further examine the role of Gata3 as a transcriptional regula-
tor of miR-200, we analyzed the promoter region of the miR-200b
cluster and identified multiple putative Gata binding sites, includ-
ing 1 Gatal/2/3 binding site adjacent to the E-box to which Zeb
binds (Figure 6A). We examined whether Gata3 binds directly to
the promoter region of the miR-200b-200a-429 cluster in human
H322 lung cancer cells by performing ChIP assays using primers to
the proximal E-box-containing region and to an upstream region,
which revealed that Gata3 bound to the proximal but not the
upstream promoter region (Figure 6A). Furthermore, cotransfec-
tion of a Gata3 expression vector into human MCF-7 breast cancer
cells suppressed the activity of a luciferase reporter containing the
proximal promoter region of interest (-321 to +19 bp from tran-
scription start site) (Figure 6B), and repression by Gata3 required
the putative Gata3 binding site (-79 to -71 bp from transcription
start site) but not the 2 E-boxes to which Zeb-1 binds (-101 to -95
bp and -57 to -51 bp, respectively, from transcription start site)
(Supplemental Figure 6), suggesting that Gata3-induced miR-
200b repression does not require Zeb1. Collectively, these findings
suggest that Gata3 binds directly to the miR-200b promoter and
suppresses its activity.

On the basis of the above data, we posited that Gata3 is required
for lung adenocarcinoma cells to undergo EMT, form tumors,
and metastasize. We first explored the expression of Gata3 in
metastases. Gata3 was abundantly expressed in distant metasta-
ses but not in lung tumors, based on immunofluorescent staining
of tissues isolated from Kras!AV*pS3RI72HAG/* mice (Supplemental
Figure 7A). To determine whether Gata3 plays a role in Jagged2-
mediated metastasis, we first examined whether Gata3 is detect-
able and coexpressed with Jagged2 in early metastases. Lungs
were isolated from mice 3 weeks after subcutaneous injection of
GFP-tagged 344SQ cells, when microscopic lung metastases are
present. Lung tissues were dispersed and sorted by flow cytom-
etry (Supplemental Figure 7B) to isolate GFPP®s cells. Gata3 was
coexpressed with Jagged2 in GFPPs cells, and these levels were
similar to those of the CD 133" fraction from a 344SQ subcutane-
ous tumor (Supplemental Figure 7C). We next examined whether
Gata3 deficiency abrogates tumor cell EMT and invasion in vitro
and tumor growth and metastasis in syngeneic mice. 344SQ cells
transfected with a Gata3 shRNA exhibited an epithelial morphol-
ogy (small, round cells that grew in clusters) (Figure 6C), reduced
invasive activity in Matrigel (Figure 6D), and resistance to EMT
induction by TGF-f (Figure 6, E and F). Although Gata3-depleted
and control transfectants were similarly tumorigenic in syngeneic
mice (tumors developed in 5 out of 5 mice injected with either
transfectant), the incidence of lung metastases in mice bearing
visible subcutaneous tumors was reduced in Gata3 shRNA trans-
fectants relative to that of control transfectants (1 out of S mice
bearing Gata3-depleted tumors vs. 5 out of 5§ mice bearing con-
trol tumors; P = 0.02) (Supplemental Table 3). Similarly, 5 out of
8 mice bearing control 344P tumors developed lung metastases,
whereas only 1 out of 9 mice bearing Gata3-depleted 344P tumors
developed lung metastases (P = 0.043), but 344P tumorigenicity
was not affected by Gata3 knockdown (Supplemental Table 3).
We conclude that Gata factors are required for lung adenocarci-
noma cells to undergo EMT, invade, and metastasize.
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Figure 6

Gata3 directly suppresses miR-200 transcription and induces EMT. (A) ChIP assays examined Gata3 binding to the miR-200b promoter in human
H322 lung cancer cells. A 239-bp PCR product (arrow) was generated from the Gata3 IP samples (Gata3), using primers for a proximal promoter
segment (PCR #1), but not from upstream regulatory sequences (PCR #2), which are illustrated graphically above the gel. Putative binding sites for
GATARB (red star) and other transcription factors (colored ovals and rectangles) predicted by TRANSFAC (BIOBASE Biological Databases). (B) MCF-7
cells cotransfected with reporters containing the proximal miR-200 promoter (—321 to +15 bp from the transcription start site) or empty luciferase vector
(pGL3) and vectors containing Gata3 (WT), inactive Gata3 mutant (mut), or empty vector (vec). Values were expressed as the mean (+ SD) of triplicate
wells. The differences between groups were estimated by 1-way ANOVA (P < 0.01). (C) Images of Gata3-depleted or control 344SQ transfectants.
Scale bar: 100 um. (D) Images of invaded Gata3-depleted (black bar) and control (white bar) 344SQ transfectants, which were counted and expressed
as the mean values (+ SD) of replicate (triplicate) wells (bar graph). Scale bar: 100 um. (E) Quantitative RT-PCR analysis of the indicated genes (green)
in Gata3-depleted and control shRNA transfectants treated for 48 hours with (black bars) or without (white bars) TGF- (1 ng/ml). Values represent the
mean (+ SD) of triplicate samples. (F) Western blotting of control and Gata3-depleted cells treated with medium or TGF-f (1 ng/ml) for 48 hours. Band
density was quantified by densitometry, normalized to that of medium-treated control cells (which are set at 1.0), and is indicated below each blot.
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miR-200 inhibits Gata3 expression. (A) Forced miR-200 expression inhibits Gata3. Quantitative PCR analysis of 344SQ cells subjected to forced
miR-200b expression or empty lentiviral vector transfection (vector). Values represent the mean (+ SD) of replicate (triplicate) samples. P values
are from 2-tailed Welch'’s t test. Q values estimate the fraction of comparisons with the given nominally significant P value that may arise from
multiple testing. (B) Gata3 is not a direct miR-200 gene target. Reporter assays were performed using reporters fused to 3'-UTR sequences from
Gata3 (RL-GATARS); ZEB1 (RL-Zeb1), which was included as a positive control; or nothing (RL-con). The Gata3 3'-UTR reporter construct (with
positions of putative miR-200 binding sites) is illustrated graphically. These reporters were transiently transfected into miR-200b (miR200) or
control 344SQ stable transfectants or were transiently cotransfected with synthetic miR-200 precursors (200a, 200b, or 205) or control oligomers
(con) into 344SQ cells. Values were normalized based on renilla luciferase and expressed as the mean values (+ SD) of replicate (triplicate)
wells relative to those of controls cotransfected with empty reporter and empty expression vector or scrambled precursors, which were set at
1.0. Asterisks indicate F-test contrast P < 0.005 versus control. Values of 1-way ANOVA analysis are indicated.

The relevance of these findings to human lung cancer was
examined by mining the transcriptional profiles of resected pri-
mary lung tumors from 2 lung adenocarcinoma patient cohorts
(n =193 and n = 117 patients, respectively) (41, 42). Tumors
were stratified dichotomously into CD133h or CD133!° groups
on the basis of having PROM1I expression above or below the
median value, respectively. For CD133" tumors, GATA3 corre-
lated modestly with low CDHI (r = -0.21, P = 0.04; r = -0.31,
P =0.02 for the 2 cohorts, respectively, 1-sided Spearman’s rank
test), high ZEBI (r=0.46, P < 0.001;7=0.31, P = 0.02, respective-
ly), and high VIM (r=0.36, P < 0.001;»=0.42, P= 0.001, respec-
tively) (Supplemental Table 4). For CD133! tumors, GATA3
correlated weakly with CDHI (r = -0.29, P = 0.004; r = -0.24,
P = 0.06, respectively), weakly with ZEBI (r = 0.20, P = 0.0S;
r=0.23, P = 0.07, respectively), and did not at all with VIM
(r=0.03,P=0.74;7=0.25, P = 0.06, respectively) (Supplemental
Table 4). Collectively, these findings suggest that GATA3 cor-
relates with EMT in human lung cancers and may do so more
strongly in CD133" tumors than it does in CD133!"° tumors,
but none of these genes (PROM1, GATA3, CDH1, ZEB1, and VIM)
correlated with survival duration in either patient cohort.
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miR-200 inhibits GATA3 expression. The MET features of the Gata3-
deficient cells phenocopy the effects of forced expression of miR-200
in 344SQ cells (7). Therefore, we postulated that Gata3 is a down-
stream mediator of miR-200. Comparison of Gata levels in 344SQ
cells stably transfected with miR-200b or a control lentiviral
expression vector revealed that miR-200b suppressed Gata3 levels
by 82% (P < 0.01) but did not significantly change other Gata fam-
ily members (Figure 7A). Examination of Gata3 genomic sequenc-
es revealed putative binding sites for miR-205 and miR-141
in the 3'-untranslated region (3'-UTR) of the Gata3 mRNA
(TargetScan; www.targetscan.org). To determine whether Gata3 is
a direct gene target of miR-200, the miR-200b stable transfectants,
which express increased levels of all the miR-200 family members
and miR-205 (7), were transiently transfected with a reporter con-
taining luciferase fused to 3'-UTR sequences from GATA3 or ZEBI
(as positive control). Transfection of the miR-200b expression
vector suppressed ZEBI but not GATA3 3'-UTR reporter activity
(Figure 7B). As a second approach, 344SQ cells were transiently
cotransfected with the same reporters and synthetic miR-200 pre-
cursors (200a, 200b, or 205). Relative to control oligomers, the syn-
thetic miR-200a, miR-200b, and miR-205 precursors suppressed
Volume 121~ Number 4
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GATA3 3'-UTR reporter activity by 19%, 17%, and 26%, respectively.
Although this decrease in GATA3 3'-UTR reporter activity was sig-
nificant, it was considerably less than the decrease in ZEBI 3'-UTR
reporter activity (Figure 7B). Collectively, these findings suggest
that miR-200 inhibits GATA3 expression without directly target-
ing the GATA3 3'-UTR.

Discussion
A growing body of evidence suggests that metastases emanate from
a population of “migrating cancer stem cells” located at the inter-
face between tumor and surrounding stroma (7, 15, 20, 21). Here,
we show in a mouse model of lung adenocarcinoma that CD133
marks a population of metastasis-prone tumor cells that localize
on the periphery of tumors. CD133 was detected in the majority
of tumor cells in nascent distant metastases and in only a paucity
of cells in primary lung tumors, implying a positive selection for
CD133-expressing cells during metastasis. Direct examination
of the metastatic potential of tumor cells sorted on the basis of
CD133 expression indicated that CD133" tumor cells were prone
to metastasis. One interpretation of the peripheral location of
these tumor cells is that metastasis competence requires physical
interactions with cells in the surrounding stroma. However, several
findings presented here support the conclusion that metastasis is
driven by homotypic, rather than heterotypic, cell-cell interactions.
CD133% tumor cells expressed both Notch and Notch ligands,
supporting their capacity for homotypic, Notch-dependent inter-
actions, and Jagged2 depletion from tumor cells abrogated EMT
and metastasis, which would not have occurred if the cell-cell
interactions driving these processes were heterotypic.

The findings presented here demonstrate that metastasis is a
regulable property of tumor cells that is governed by Gata3 and
miR-200, which are mutually inhibitory and have opposing effects
on EMT and metastasis. Jagged2 perturbs this equilibrium, shift-
ing the balance toward high levels of Gata3, low levels of miR-200,
EMT, and metastasis. These findings suggest that Gata3 func-
tions as an intermediate between Jagged2 and miR-200, but the
relatively modest reductions in Gata3 mRNA and protein induced
by Jagged2 depletion leave open the possibility that Jagged2 regu-
lates miR-200 levels through a Gata3-independent mechanism.
The complexity of this pathway was made more apparent by the
finding that Jagged2 regulates the expression of all 6 Gata factors
and Gata3 regulates the expression of Gatal, Gata2, and Gata$,
which supports the existence of an intricate regulatory network
among the Gata factors, as reported previously in Gatal-null ery-
throid cells (43), and raises the possibility that the phenotypic
changes in Gata3-deficient tumor cells are mediated in part by
other Gata factors. Moreover, the plasticity of tumor cell meta-
static potential in this model and complexity of the regulatory
apparatus that controls it challenge the paradigm that metastasis
is a constitutive trait owing to somatic mutations that accumu-
late in tumor cells over time (44).

The finding that Gata3 promotes metastasis contrasts strik-
ingly with previous reports on the role of Gata3 in breast cancer.
GATA3 is expressed in tumors from a subset of human breast
cancer patients, in which it has emerged as a strong predictor
of breast tumor differentiation, estrogen receptor status, and
clinical outcome (45). In mouse models of breast cancer, Gata3
expression is lost with malignant progression, and restoration of
Gata3 expression in late breast carcinomas induces tumor differ-
entiation and suppresses metastasis, an effect mediated in part
1382
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through suppression of the Gata3 target gene INK4c, which con-
strains luminal progenitor cell expansion and suppresses tumori-
genesis (35, 36). Possibly contributing to its divergent roles in
mouse models of breast and lung cancer, Gata3 varies its tran-
scriptional output through dimerization with other Gata fam-
ily members. Gata factors form homodimeric and heterodimeric
Gata complexes that have distinct DNA-binding specificities
and regulate unique sets of target genes (46-48) that include, as
shown here, each other. Thus, tissue-specific differences in Gata
factor expression may contribute to the distinct biologic roles of
Gata3 in cancers of the lung and breast.

The phenotypic differences between the Jagged1- and Jagged2-
deficient tumor cells were unexpected, given that Jagged1 and Jag-
ged2 reportedly bind to Notch family members with similar speci-
ficities (49, 50). These phenotypic differences may be related to the
unique ability of Jagged1 to transmit both forward and retrograde
signals, the former through interactions with Notch and the latter
through PDZ-binding motifs located at the extreme C terminus
(29). An alternative explanation is that Jagged1 and Jagged2 acti-
vate distinct Notch-dependent intracellular signaling pathways,
which is supported by the finding that Gata family members were
more prominently diminished by knockdown of Jagged2 than they
were by knockdown of Jagged1.

Strategies to detect metastasis-prone tumor cells and to inhibit
their spread are of critical importance to the improvement of clini-
cal outcome for lung cancer patients. Of note, human lung adeno-
carcinoma cells express CD133 and Jagged2 (37, 51, 52), which
tempts speculation that Notch inhibitors will prevent metastasis
in lung adenocarcinoma patients with tumors that express high
levels of Jagged2 and low levels of miR-200. Although such an
approach would not lead to disease eradication, it may prolong
recurrence-free survival, a beneficial outcome made more germane
by the report that CD133-expressing lung cancer cells are resis-
tant to cytotoxic chemotherapy (37). However, human epithelial
malignancies are genetically heterogenous, and the biologic basis
for plasticity in human tumors will undoubtedly differ between
patients. Regardless, these findings provide a basis for efforts to
determine whether metastases in cancer patients emanate from a
pool of highly plastic tumor cells and, if so, whether metastasis is
preventable by targeting those cues that regulate tumor cell EMT.

Methods
Animal busbandry. All animal experiments were reviewed and approved by the
Institutional Animal Care and Use Committee at The University of Texas
MD Anderson Cancer Center. For syngeneic tumor experiments, 10- to 16-
week-old 129/Sv mice were injected with the indicated numbers of tumor
cells into the posterior flanks and sacrificed at the first signs of morbidity.

Antibodies. We purchased rabbit anti-CD133 (Abcam, ab19898), anti-
Notch1 (Abcam, ab27526), anti-Notch2 (Millipore, 07-1233), anti-Notch3
(Santa Cruz Biotechnology Inc., sc-5593), APC-conjugated anti-CD133
(eBioscience, 17-1331-81), goat anti-Jagged1 (Santa Cruz Biotechnology
Inc., sc-6011), anti-actin (Santa Cruz Biotechnology Inc., sc-1616), goat
anti-Delta (Santa Cruz Biotechnology Inc., sc-8155), rabbit anti-Delta3
(Santa Cruz Biotechnology Inc., sc-67269), rat anti-GATA1 (Santa Cruz
Biotechnology Inc., sc-265), mouse anti-GATA2 (Santa Cruz Biotech-
nology Inc., sc-267), rabbit anti-GATA3 (Santa Cruz Biotechnology Inc.,
5c-9009), mouse anti-GATA4 (Santa Cruz Biotechnology Inc., sc-25310),
rabbit anti-GATAG (Santa Cruz Biotechnology Inc., sc-9055), goat anti-Zeb1
(Santa Cruz Biotechnology Inc., sc-10572), rabbit anti-Snail (Santa Cruz
Biotechnology Inc., sc-28199), rabbit anti-N-cadherin (BD Transduction
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Laboratory, 610921), goat anti-Vimentin (Santa Cruz Biotechnology Inc.,
$c-5565), rabbit anti-phospho-SMAD?2 (Cell Signaling Technology, 3108),
anti-phospho-SMAD3 (Cell Signaling Technology, 9520), anti-total
SMAD?3 (Cell Signaling Technology, 9513), biotinylated anti-CD45 (BD
Pharmingen, 553771), anti-CD31 (BD Pharmingen, 558737), and strepta-
vidin-PE (BD Pharmingen, 554061) antibodies.

Antigen detection in tissues. Four-um paraffin-embedded sections were
baked at 60°C for 30 minutes and then cooled to ambient temperature.
Sections were sequentially incubated in Xylene (5 minutes twice), 100%
ethyl alcohol (5 minutes twice), 95% ethyl alcohol (5 minutes twice), and
80% ethyl alcohol (5 minutes). After washing with water, the sections were
antigen-retrieved using citrate buffer (pH 6.0; DAKO) in a steamer for 20
minutes and cooled to ambient temperature. Sections were then washed
with Tris-buffered saline (TBS) containing 0.1% Tween-20 (TBS-T) and
quenched with 3% hydrogen peroxide in TBS for 10 minutes, blocked for
avidin/biotin activity, blocked with serum-free blocking reagent, and incu-
bated with primary antibody as follows: for CD133 staining, sections were
incubated with antibody for 1 hour at ambient temperature or overnight at
4°C; for Jagged1 and Gata3 staining, sections were incubated with antibody
overnight at 4°C. Immunohistochemical staining was developed using the
DAB substrate system (DAKO), and immunofluorescence staining was
developed using TSA Kits (Invitrogen). For CD133 staining of 393P and
344SQ cell cultures, cells were grown on 24-well plates to 70% confluence,
washed with ice-cold PBS, and then fixed in methanol for 15 minutes at
-20°C and washed with PBS. Cells were blocked with serum-free blocking
reagent and incubated with antibody overnight at 4°C. The staining was
visualized with Alexa Fluor 488 anti-rabbit antibody (Invitrogen).

Tissue dissociation and flow cytometric analysis. Freshly isolated murine lung
tissues were washed with ice-cold PBS and digested in PBS supplemented
with 3 mg/ml dispase II (Roche) and 2 mg/ml collagenase I (Worthington)
at 37°C for 45 minutes. Single cell suspension was achieved by sequen-
tially filtering through 100-um (Falcon) and 40-um (Falcon, 352340) cell
strainers. Red blood cells were removed by red blood cell lysis buffer. Cells
were resuspended in PBS supplemented with 0.5% FBS and stained with
appropriate antibodies. Cell sorting was performed on a 3-laser, 13-color
FACSAria fluorescence-activated cell sorter (BD Biosciences) that is capa-
ble of sorting 4 subpopulations at a low pressure at a maximum rate of 20
million cells per hour.

Gene expression profiling. CD133h and CD133 cell fractions (at least
1,000,000 cells of each) were sorted from 344SQ subcutaneous tumors by
using flow cytometry. Cells from 3 independent experiments were lysed
in buffer RLT (Qiagen) separately and snap-frozen in liquid nitrogen.
Lysates (3 for each cell type and 6 in total) were shipped on dry ice to
Asuragen for processing and analysis on Affymetrix Mouse Expression
Array 430A 2.0 chips. Array data have been deposited in the Gene Expres-
sion Omnibus (accession number GSE15587; http://www.ncbi.nlm.nih.
gov/geo/). Data processing, determination of differentially expressed
genes, and Gene Ontology term enrichment analysis were carried out
essentially as described previously (53). Briefly, the data were analyzed
with dChip version 2006 (www.dchip.org), using Affymetrix default
analysis settings and invariant set as normalization method. Two-sided
homoscedastic ¢ tests (using log-transformed data) and fold changes
(ratio of averages of 2 groups, unlogged) were used to determine dif-
ferentially expressed genes. We used the method of Storey et al. (54) to
estimate the false discovery rate (FDR) from multiple hypothesis testing;
of the approximately 45,000 Affymetrix probe sets in the entire data set,
1,127 were nominally significant with a nominal P value of less than 0.01
(no fold criteria), which yielded an FDR of 40%, which was considered
acceptable for use of the array data as an initial screen to identify gene
candidates for validation (e.g., using RT-PCR).
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RNA extraction and quantitative RT-PCR. Cells were grown to 80% conflu-
ence in RPMI 1640 supplemented with 10% FBS on 24-well plates, washed
with ice-cold PBS, and subjected to RNA extraction using 1 ml of TRIzoL
(Invitrogen). mRNA was reverse transcribed using the SuperScript First-
Strand Synthesis System (Invitrogen). For quantitative PCR reactions, 1:10
dilutions of cDNA products were amplified using SYBR Green PCR Master
Mix (Applied Biosystems) and analyzed by using ABI Prism 7500 Fast Sys-
tem (Applied Biosystems). For the analysis of miR-200 family members,
TaqMan assays (Applied Biosystems) were performed using 10 ng of total
RNA as described previously (7). mRNA and miR expression values were
normalized on the basis of L32 mRNA and miR-16 levels, respectively.

Generation of shRNA transfectants. The shRNA retroviral constructs were
purchased (Jagged1 [GeneCopoeial, Jagged2 [Origene], and Gata3 [SABio-
sciences]). Purified plasmids (1 ug of each) were transfected into 344SQ
cells by using LipofectAmine and PLUS (Invitrogen). After 48 hours, trans-
fectants were replated in RPMI 1640 medium containing 10% FBS and
15 ug/ml puromycin for selection and passed serially for 4 weeks to gener-
ate stable transfectants.

Protein extraction and immunoblotting. Cells or tissues were lysed in lysis buf-
fer containing 10 mM Tris (pH 7.4), 1 mM EDTA, 0.5 mM EGTA, 150 mM
NaCl, 1% Triton X-100, 50 mM NaF, 10 mM Na,P,05, 10 H,O, 1 mM PMSFE,
and protease inhibitors cocktail (Sigma-Aldrich, P8340). The lysates were
quantified for protein concentrations with BCA protein assay reagents
(Pierce). Proteins (30 ug per sample) were electrophoresed in SDS-poly-
acrylamide gel and transferred onto nitrocellulose membranes (Amersham,
Hybond ECL). The membranes were blocked with 5% skim milk in TBS-T
and subsequently incubated with primary antibodies overnight at 4°C.
After washing with TBS-T for 30 minutes at room temperature, the mem-
brane was further incubated with horseradish peroxidase-conjugated sec-
ondary antibodies for 1.5 hours, followed by 30 minutes of washing with
TBS-T. Protein bands were visualized with Pierce ECL substrates (Pierce).

Cell migration and invasion assays. Migration and invasion assays were per-
formed by using Transwell plates (BD Biosciences) as instructed by the
manufacturer. Briefly, cells (50,000 cells/well for the migration assay and
100,000 cells/well for the invasion assay) were plated in triplicate in serum-
free RPMI in the upper chambers and in RPMI 1640 with 10% FBS placed
in the bottom wells, at 37°C for 24 hours. The migrated or invaded cells
were visualized by Diff-Quik Stain (Dade Behring). Three microscopic
fields (x10) were photographed and counted per chamber, and results were
expressed as the mean + SD of results from the replicate wells.

Cell proliferation assays. Cells (200,000/well) were plated in triplicate in
RPMI 1640 supplemented with 10% FBS on 60-mm cell culture dishes for
1-5 days as indicated. Cell proliferation was quantified by counting cells
under a light microscope (x10) using a hemacytometer.

ChIP assays. Briefly, H322 cells were cross-linked with 1% formaldehyde
and then incubated in lysis buffer (50 mM Tris-HCI [pH 8.1], 1% SDS,
10 mM EDTA, and protease inhibitors cocktail) on ice for 10 minutes.
After sonication at 4°C (Cole-Parmer GEX-130 Sonicator; at 50% power
for 20 cycles of pulse-on for 10 seconds and pulse-off for 10 seconds), sam-
ples were immunoprecipitated with anti-GATA3 antibody or anti-rabbit
IgG (Santa Cruz Biotechnology Inc.). DNA was eluted and purified with a
PCR Purification Kit (Qiagen), and then PCR was carried out using PCR #1
(5'-CTGCGTCACCGTCACTGG-3' and 5'-ACAACTCGCCCGTCTCTG-3')
and PCR #2 (S'-CAGCAGGTTTTCCACCACAG-3" and 5'-AAGCT-
GCTCTTTCTCCAAGG-3') primer sets.

Luciferase assays. MCF?7 cells were seeded on 24-well plates (1 x 10° cells/
well) 1 day before transfection. Cells were cotransfected with 500 ng pGL3-
basic (Promega) or miR-200 promoter (construct containing -321 to +17 bp
from transcription start site; ref. 39) and 250 ng Gata3 wild-type (Addgene
ID 1332) or inactive mutant (Addgene ID 1295) plasmids. pRL-TK (50 ng,
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Promega) was cotransfected as an internal control. After 48 hours of trans-
fection, luciferase activity was measured with the Dual-Luciferase Reporter
Assay System (Promega) according to the manufacturer’s protocol.

GATA3 3"-UTR reporter assays. The GATA3 3'-UTR (1.3 kb) was isolated
from mouse BAC clone (BACPAC Resource Center at Children’s Hospital
Oakland Research Institute, RP24-155K15) by PCR and ligated into the
pClI-neo-hRL vector. The ZEBI 3'-UTR (1.9 kb) subcloned into the same
vector was used as a control. These reporters (500 ng) were transiently
transfected into 344SQ cells stably transfected with miR-200b or control
expression vectors (1 x 105 cells/well). Alternatively, these reporters were
cotransfected with synthetic miR-200 precursors (5 nM, Ambion) into
344SQ cells. After 48 hours, luciferase activity was measured with the
Dual-Luciferase Reporter Assay System (Promega).

Statistics. For cell line experiments, comparisons between 2 groups
were performed using the 2-tailed Welch’s ¢ test, unless otherwise indi-
cated. One-way ANOVA was performed to compare multiple experimen-
tal groups. Where multiple genes were each individually tested in a given
experiment, the FDR was estimated as V/R, where V is the expected num-
ber of false positives (nominal P value x number of comparisons made)
and R is the number of both true and false positives. The FDR q value is
the fraction of comparisons yielding the given nominal P value that are
expected to represent false positives (54). P values that are less than 0.05
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