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Tumor and Stem Cell Biology

Targets of the Tumor Suppressor miR-200 in Regulation
of the Epithelial–Mesenchymal Transition in Cancer

Mark J. Schliekelman1, Don L. Gibbons2,3, Vitor M. Faca1, Chad J. Creighton4, Zain H. Rizvi2, Qing Zhang1,
Chee-HongWong1, HongWang1, ChristinUngewiss2, Young-HoAhn2,Dong-HoonShin2, JonathanM.Kurie2,
and Samir M. Hanash1

Abstract
The microRNA-200 (miR-200) family restricts epithelial–mesenchymal transition (EMT) and metastasis in

tumor cell lines derived frommice that developmetastatic lung adenocarcinoma. To determine the mechanisms
responsible for EMT and metastasis regulated by this microRNA, we conducted a global liquid chromatography/
tandemmass spectrometry analysis to comparemetastatic andnonmetastaticmurine lung adenocarcinoma cells
which had undergone EMT because of loss of miR-200. An analysis of syngeneic tumors generated by these cells
identified multiple novel proteins linked to metastasis. In particular, the analysis of conditioned media, cell
surface proteins, and whole-cell lysates from metastatic and nonmetastatic cells revealed large-scale modifica-
tions in the tumor microenvironment. Specific increases were documented in extracellular matrix (ECM)
proteins, peptidases, and changes in distribution of cell adhesion proteins in the metastatic cell lines. Integrating
proteomic data from three subproteomes, we defined constituents of a multilayer protein network that
both regulated and mediated the effects of TGFb. Lastly, we identified ECM proteins and peptidases that were
directly regulated by miR-200. Taken together, our results reveal how expression of miR-200 alters the tumor
microenvironment to inhibit the processes of EMT and metastasis. Cancer Res; 71(24); 7670–82. �2011 AACR.

Introduction

The process of epithelial–mesenchymal transition (EMT)
characterized by loss of intercellular adhesion and polarity,
cytoskeletal reorganization that enhances cell motility, and
degradation of the basement membrane has been associated
with tumor progression and metastasis (1). Diverse signaling
pathways regulate EMT; TGFb andRAS are capable of inducing
EMT inmost epithelial cell lines, whereas other pathways such
as Wnt/b-catenin, Notch, and NFK-b have also been shown to
regulate EMT (2). Induction of EMT functions in particular
through downregulation of the epithelial adhesion protein
E-cadherin (CDH1) and direct repression of Cdh1 has been
shown to be under the control of transcriptional regulators
ZEB1, ZEB2, TWIST1, SNAIL, and SLUG, which also regulate a
large number of other epithelial-related genes (3).

The importance of noncodingmicroRNAs (miRNA) in tumor
development and progression has become increasingly evi-
dent. Several miRNAs have been identified as either oncogenes
(miR-17-92, miR-155, and miR-21) or tumor suppressors
(miR-15a, miR-16a, and let-7), and some human tumor types
can be classified by miRNA signatures (4). The miR-200 family
of miRNAs consists of 5 members (miR-200b, miR-200a,
miR-429, and miR-200c, 141) that have been shown to have
a role in EMT in both normal and malignant cells through
double-negative feedback regulation with the ZEB transcrip-
tion factors and regulation of Cdh1 and vimentin expression
(5). ThismiRNA family has also been shown to have pleiotropic
effects, including regulation of stem cell factors and features,
indicative of their importance for tissue homeostasis.

We recently showed the importance of miR-200 in EMT
and metastasis in a study of metastatic and nonmetastatic
tumors from a (Kras, p53) murine lung adenocarcinoma
model (6). This genetic model has biological features and
a global metastatic expression profile that is predictive of
poor outcome in early-stage lung cancer (7, 8). Cell lines with
high or low metastatic potential were established from these
mutant Kras and p53 lung adenocarcinoma tumors, and
metastatic tumors displayed a high degree of plasticity,
exhibiting characteristics of EMT in tumors and 2-dimen-
sional culture (notably in response to EMT-inducing factors
such as TGFb), but reexpressing epithelial markers and
organizing into normal epithelial structures in laminin-rich
3D Matrigel culture. miRNA profiling of tumors with high
metastatic potential revealed loss of miR-200 as a likely
regulator of metastatic potential and overexpression of the
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miR-200b locus in highly metastatic cells eliminated their
ability to undergo EMT and metastasize.
In this work, we have carried out an in-depth comparative

proteomic analysis of cells and tumor tissue derived from lung
adenocarcinoma tumors that have undergone EMT and have a
high metastatic potential to identify proteins involved in
biological pathways related to metastasis (6). Analysis of
whole-cell lysates (WCL), cell surface proteins, and condi-
tioned media identified novel proteins associated with EMT
and provides evidence of a complex network of proteins
regulating TGFb. Reverted cells locked in an epithelial state
as a result of restoration of miR-200 displayed changes in a
multitude of extracellular matrix (ECM) and cell adhesion
proteins, suggestingmiR-200 alters themicroenvironment and
the way in which cells interact with it.

Materials and Methods

Culture and isotopic labeling of cells
Parental wild-type cell lines (393P and 344SQ) derived from

lung adenocarcinomas in KrasG12D/p53R172HDG mice and their
derivatives stably expressing a control vector or vectorwith the
miR-200B-200A-429 locus (344SQ_vector and 344SQ_200B)
have been previously described (Gibbons, G&D). The cells
were cultured in RPMI media (AthenaES) containing 10%
dialyzed FBS (Gibco) and 13C-lysine or 13C-L-lysine and
13C-L-arginine (Cambridge Isotope Laboratories) instead of
the unlabeled amino acids, for 7 to 8 passages as previously
described (9). The same batch of cells was used for preparation
of whole-cell lysates, conditioned media, and extraction of cell
surface proteins. The secreted proteinswere obtained by gently
washing the cells 3 to 4 times in PBS prior to addition of media
without FBS, followed by growth for 24 hours. During this time,
cell viability was confirmed by microscopic observation and
cell counting after trypan blue staining. The conditionedmedia
were harvested; and cell debris removed by centrifugation at
5,000 � g for 10 minutes followed by filtration through a
0.22 mm filter. Total cell lysates were obtained by gently
washing approximately 2 � 107 cells with PBS, followed by
harvesting them in 1mL (per plate) of PBS containing 1% (w/v)
octyl-glucoside (OG) and protease inhibitors (complete pro-
tease inhibitor cocktail; Roche Diagnostics).

Tumors
Syngeneic tumors from thewild-type 393P and 344SQcells (3

of each tumor type) were generated by subcutaneous injection
as previously described (6). At necropsy, the tumors were flash
frozen in liquid nitrogen and stored at�80�C until subsequent
processing for RNA or protein. For liquid chromatography/
tandemmass spectrometry (LC/MS-MS) analysis, tumorswere
homogenized on liquid nitrogen and lysed in 8 mol/L urea and
1% OG in 0.1 mol/L Tris-HCl at 2 mL/g of tumor.

Isolation of cell surface proteins
Cell surface proteins from the 4 cell lines, differentially

labeled with heavy or light amino acids, approximately
2 � 108 of each, were biotinylated in the culture plate after
gentle washing 5 times with PBS. After a 10-minute biotinyla-

tion reaction with 10 mL (per plate) of 0.25 mg/mL Sulfo-NHS-
SS-Biotin in PBS at room temperature, the reaction was
quenched with 15 mL of 10 mmol/L lysine in PBS. Protein
was extracted in 1 mL (per plate) of PBS containing 2% NP-40
and complete protease inhibitor cocktail. Biotinylated proteins
were isolated by affinity chromatography with 1 mL of Ultra-
Link Immobilized Neutravidin (Pierce). Proteins bound to the
columnwere recovered by overnight incubationwith a solution
of 2% OG and 1 mg/mL dithiothreitol in 0.1 mol/L Tris-HCl.

Fractionation and mass spectrometry of samples
See Supplementary methods.

Data analysis
Enrichment analysis for Gene Ontology terms was con-

ducted on the differentially expressed proteins by Database
for Annotation, Visualization, and Integrated Discovery
(DAVID; refs. 10, 11). A 5-fold increase in protein enrichment
in the media compared with the whole-cell lysates was used as
a cutoff to identify proteins that were likely to be secreted or
shed, whereas a 2-fold increase in proteins of the cell surface
compared with whole-cell lysate was established for cell sur-
face proteins. The TGFb interacting networks were generated
through the use of Ingenuity Pathway Analysis (IPA; Ingenuity
Systems). Protein interaction network analysis used the entire
set of human protein–protein interactions cataloged in Entrez
Gene (downloaded July 2009). Homologene was used to map
between mouse genes and human orthologs. Graphical visu-
alization of networks was generated using Cytoscape (12).

Western blot analysis
Cell lysates were prepared by extracting protein with RIPA

buffer. For conditioned media, cells were grown for 48 hours in
RPMI 1640 with 0.1% FBS, media removed, centrifuged, and
filtered througha0.22mmol/Lfilter.Membraneswereblocked in
5% nonfat dried milk and incubated overnight at 4�C with
appropriate primary antibodies [PDLIM5 (Novus Biologicals),
CSRP2 and ETS-1 (Santa Cruz Biotechnology), b-actin (Sigma-
Aldrich), glyceraldehyde-3-phosphate dehydrogenase (Abcam),
CDH1 (BD Biosciences)].

Results

Protein and mRNA profiles of metastatic and
nonmetastatic tumors

We first carried out a comparative proteomic analysis of
344SQ (metastatic) and 393P (nonmetastatic) tumors
described previously in Gibbons and colleagues (3 tumors of
each type; refs. 6, 7). Tumor lysates were reciprocally labeled
with bothheavy and light acrylamide, allowing for comparisons
of independent heavy/light and light/heavy metastatic versus
nonmetastatic tumors, followedby reverse-phase fractionation
of lysate proteins and LC-MS/MS analysis of peptide digests
from each fraction (9). A total of 1,261 proteins were quantified
in both reciprocally labeled experiments, of which 80 had
increased ratios in metastatic versus nonmetastatic and 59
had decreased ratios at a threshold of more than 1.5-fold
change in both labelings (Supplementary Table S1A and
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S1B). Among the most highly enriched Gene Ontology catego-
ries for the proteins upregulated in metastatic tumors were
"response to wounding, growth factor binding, calcium metal
binding, and extracellular space," whereas downregulated pro-
teins were enriched for "antigen processing and presentation
and plasmamembrane." We observed upregulation of multiple
markers associated withmesenchymal cell function or recruit-

ment including CD73, PLAUR, clusterin, fibulin 2, integrin
alpha-2, CXCL7, IGFBP3, and LTBP1. We further identified
multiple proteins that have not previously been shown to play a
role inmetastasis including cell adhesion proteins LGALS2 and
LRG1 and chitinase CHI3L4.

We next compared the proteomic findings with mRNA
expression data previously obtained for the same tumors
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Figure 1. Protein quantifications and
cellular localization. A, overview of
the experimental design for mass
spectrometry analysis of
conditioned media, cell surface
proteins, and whole-cell lysate. B,
the number of identified or
quantified proteins in each analysis.
C, differentially regulated proteins
related to the microenvironment
and cellular interaction with it.

Schliekelman et al.

Cancer Res; 71(24) December 15, 2011 Cancer Research7672

on September 7, 2013. © 2011 American Association for Cancer Research. cancerres.aacrjournals.org Downloaded from 

Published OnlineFirst October 10, 2011; DOI: 10.1158/0008-5472.CAN-11-0964 

http://cancerres.aacrjournals.org/


(6). Overall, there was significant positive correlation between
mRNA and protein expression in tumors for both upregulated
(P ¼ 3.80E-12) and downregulated (P ¼ 8.03E-12) proteins.
However, a large number of the differentially expressed pro-
teins were not concordantly expressed at the transcript and
protein levels, notably including insulin growth factor binding
proteins 3, 4, and 7, clusterin, nucleophosmin, fetuin A, and
fibrinogens A and B.

Differential protein expression in metastatic and
nonmetastatic cell lines

To gain a deeper understanding of the contribution of cell
surface and extracellular proteins to metastasis, we conducted
an in-depth proteomic analysis comparing conditionedmedia,
cell surface proteins, and whole-cell lysates of metastatic
(344SQ) and nonmetastatic (393P) cell lines. Comparative
analysis was conducted with reciprocal stable isotope labeling

1

Fibronectin
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LAMC1

COL6A1

LAMA5

Protein only Both mRNA and protein

Up in 344SQ
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Whole tumor

Extracellular region Cytoplasmic
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500 1,000 1,500 2,000 2,300
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Figure 2. A, peptide coverage of ECM proteins. Peptides upregulated in 344sq are red, downregulated peptides green, unchanged peptides black, and
nonquantified peptides gray. For each protein, the top is labeling mix 1 and the bottom is mix 2. B, protein–protein interaction network of differentially
expressed proteins and genes (mRNAs) in 344SQ cells. Graph is comprised of proteins differentially expressed in any one of the 4 fractions (fold change >1.5,
both duplicates). Nodes, proteins; circle nodes, proteins also differentially expressed at mRNA transcript level (P < 0.01, t test); yellow/blue, overexpression/
underexpression in 344SQ, respectively. A line between 2 nodes signifies that the corresponding proteins can physically interact (according to the literature).
Nodeborder color, protein fraction showingdifferential patterns.Colorededges (other thangray), a commonGeneOntology termannotation sharedbybothof
the connected proteins. GO, Gene Ontology.
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by amino acids in cell culture (SILAC), whereby each cell line
was grown in both heavy (13C-lysine or 13C-lysineþ 13C-argine)
and light media (allowing for comparisons of independent
heavy/light and light/heavy experiments), followed by reverse-
phase fractionation of samples and LC-MS/MSprotein analysis
(9; Fig. 1A). To identify proteins differentially regulated
between themetastatic and nonmetastatic cell lines, we estab-
lished a threshold of more than 1.5-fold change in both of the
heavy and light SILAC labeling experiments to eliminate
preferential labeling bias or contamination from trace FBS in
the media (Fig. 1B, Supplementary Tables S2A and S2B).
Proteins (656, 543, and 1,299) unique to each compartment
were identified in the conditioned media, cell surface, and
whole-cell lysate, respectively. Analysis of all 225 upregulated
proteins in the metastatic cells revealed Gene Ontology func-
tions associated with immune and inflammatory response,
cell adhesion, ECM, and protease activity (Supplementary
Table S3). An increase in the percentage of plasma membrane
proteins found in the conditioned media was also observed,
indicative of increased protein shedding from the cell sur-
face. The Gene Ontology categories for proteins downregu-
lated in the 344SQ cells were primarily associated with
cytoskeletal regulation, cell–cell adhesion, and RNA pro-
cessing. Overall, substantial changes were observed in the
secreted and surface protein fractions, pertaining to com-
ponents of the cellular microenvironment including
ECM components, peptidase and peptidase inhibitor activ-
ities, and to proteins mediating cellular interactions with
the microenvironment (Fig. 1C). Peptidases consisting of

mast cell proteases MCPT-1, 2, and 8, CFI, PCSK6, and
PRSS35 were among the top 10 most highly upregulated
proteins in the conditioned media of metastatic cells. Inter-
estingly, cell adhesion molecules were also enriched by Gene
Ontology analysis among both the up- and downregulated
proteins in the conditioned media and the upregulated
proteins on the cell surface. Differentially upregulated pro-
teins in the whole-cell lysates were primarily associated
with metabolic processes, particularly glutathione metabo-
lism and oxidoreductase activity with upregulation of 5
glutathione-S-transferases (GST): A2, A4, M1, M2, and M7
in the whole-cell lysates of 344SQ cells, whereas downregu-
lated proteins are enriched for cytoskeletal and actin-related
proteins.

ECM proteins COL6A1, LAMA5, LAMB2, LAMC2, and fibro-
nectin were all upregulated in 344SQ cells as well as ECM-
related proteins LOXL2 which has been shown to stiffen ECM.
Peptide analysis of the structural proteins COL6A1, LAMA5,
LAMB2, LAMC2, and fibronectin revealed secretion of whole
proteins, rather than protein fragments produced by proteol-
ysis, providing evidence in support of tumor cells shaping their
own microenvironment (Fig. 2A). Upregulation of intact fibro-
nectin in the 344SQ metastatic cells was accompanied by
downregulation of an N-terminal fragment that contains the
domains for fibrinogen and collagen binding and inhibits
fibronectin fibril formation (13).

Overall, substantial concordance was observed between
protein expression in cell lines and tumors with respect
to metastatic status, with 17 and 16 upregulated or

Table 1. Overlap between differentially regulated proteins in tumor lysates and cell lines: proteins
upregulated in metastatic 344SQ tumors

Protein mRNA

Protein Conditioned media Cell surface Whole-cell lysates Tumor lysates Ratio P

Acat1 NA 1.79 1.90 1.80 1.59 4.4E-03
Anxa10 NA NA 2.39 5.54 16.10 5.1E-05
Cdh17 NC 2.73 NC 1.99 0.98 9.5E-01
Ckb ~ NA 2.73 2.47 2.78 7.3E-03
Clu 8.70 5.18 2.47 4.84 1.17 5.3E-02
Fbln2 7.16 NC 2.14 2.03 0.54 9.4E-03
Igfbp4 2.14 NA ! 2.15 1.23 5.9E-04
Igfbp7 12.92 5.10 8.97 3.02 1.23 1.4E-02
LOC677317 ~ NA 2.56 2.71 1.59 1.3E-01
Mcpt2 34.61 NA NA 3.29 5.86 6.2E-04
Msln 3.97 12.10 2.94 1.98 1.44 7.1E-03
Nt5e NA NA 3.09 3.61 2.26 6.3E-04
Procr ~ ~ 3.29 2.74 1.24 3.2E-01
Pxdn 3.58 NA NA 3.27 1.54 1.9E-02
Rbp4 3.62 NA NA 3.04 7.49 4.3E-05
Sftpb 18.59 13.68 8.48 4.39 46.29 3.1E-05
Tspan8 NC NC 3.46 3.22 2.56 2.6E-03

NOTE: Values are weighted means of independent and reciprocally labeled replicates. Proteins up- or downregulated, but less than
1.5 are indicated by "~" or "!." "NC" indicates the replicates are not concordant. "NA" indicates the protein was not quantified.
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downregulated in common, respectively, and only 3 proteins
with discordant findings between the 2 data sets (Tables 1
and 2). The concordance observed between the cell lines and
tumors is indicative of the contribution of tumor cells to the
tumor proteome. Moreover, we observed significant corre-
lation between tumor mRNA expression and proteins in the
conditioned media (P ¼ 3.80E-12 for upregulated and 8.03E-
12 for downregulated proteins), cell surface (P¼ 2.29E-08 for
upregulated and 3.01E-09 for downregulated proteins), and
whole-cell lysates (P¼ 4.67E-16 for upregulated and 5.80E-21
for downregulated proteins). As a tool for better under-
standing and illustrating the comparison and complemen-
tation of the protein and mRNA changes, we integrated our
top differential proteins with the public Entrez Gene data-
base of protein–protein interactions to generate a protein
interaction network, in which we labeled those proteins
showing corresponding differential changes at the mRNA
level (Fig. 2B).

Protein components of the TGFb network in metastatic
tumors and cell line compartments
We next used IPA tools to identify potential regulatory

pathways accounting for the differences between the met-
astatic and nonmetastatic cells. Analysis of differentially
regulated proteins from the conditioned media, cell surface,
and whole-cell lysates revealed regulatory nodes associated
with NF-kB, fibronectin, and p38 mitogen-activated protein
kinase (Supplementary Fig. S1). Networks with TGFb-1
were also identified in the individual compartments, par-

ticularly the conditioned media (Fig. 3A, see Supplementary
Fig. S2 for TGFb containing networks from all subpro-
teomes). However, analysis of the combined upregulated
proteins by IPA identified TGFb-1 as the central regulatory
node in the most highly significant network, with an IPA
significance score of 64 versus 33 for the second network
generated (Fig. 3B). This finding highlights the power of
data synthesis from multiple cellular compartments to
enhance the ability to find master regulators, as TGFb-1
was identified as one of several regulatory proteins in the
individual analyses but was shown to be the dominant
regulator in the analysis of combined protein compart-
ments. Furthermore, we observed evidence of a multilayer
regulation of TGFb-1 in the differential expression of TGFb-
1 regulatory proteins. Proteases PCSK6 (also known as
PACE4) and FURIN activate TGFb-1 through proteolytic
cleavage, TGFb latency complex protein LTBP3, and integ-
rins aV and b3, which have been shown to be involved in
TGFb-1 activation, were all upregulated in 344SQ cells
whereas the TGFb latency complex protein, LTBP1 and
the TGFb-1 binding proteins BGN were downregulated (Fig.
3C; refs. 14, 15). We further identified isoform differences in
the latent transforming growth factor binding proteins
(LTBP). An N-terminal peptide corresponding to cleavage
at the LTBP3 hinge region which elutes out earlier by
reverse-phase high-performance liquid chromatography
is reduced in metastatic 344SQ cells, whereas there is
upregulation of the full-length protein. The LTBP1 pro-
teins are downregulated in 344SQ cells and also show

Table 2. Overlap between differentially regulated proteins in tumor lysates and cell lines: proteins
downregulated in metastatic 344SQ tumors

Protein mRNA

Protein Conditioned media Cell surface Whole-cell lysates Tumor lysates Ratio P

Anxa6 ~ NC 0.59 0.58 0.49 4.9E-03
Cald1 ! 0.43 NC 0.56 0.85 7.8E-01
Capg ! NA 0.52 0.37 0.55 3.1E-03
Cda NA ! 0.31 0.42 0.45 3.2E-06
Crip1 0.57 NC NC 0.44 0.84 3.0E-02
H2-K1 0.41 NA NA 0.42 0.72 1.3E-01
Ifi204 NA 0.56 0.21 0.28 0.89 6.3E-01
Lamc2 ! 0.50 NA 0.27 0.81 7.3E-02
Ly6a 0.20 NA 0.23 0.33 0.42 3.8E-03
Raly NA NA 0.39 0.39 0.67 1.5E-02
S100a14 NA 0.30 0.15 0.09 0.01 4.9E-08
Sfn ! NC 0.28 0.10 0.44 8.6E-04
Sh3bgrl2 0.44 NA 0.43 0.64 1.00 9.8E-01
Tacstd1 NC NC 0.15 0.21 0.08 1.7E-04
Uchl1 NA NA 0.25 0.53 0.82 3.0E-01
Zyx 0.53 NA NC 0.61 0.51 2.9E-04

NOTE: Values are weighted means of independent and reciprocally labeled replicates. Proteins up- or downregulated, but less than
1.5 are indicated by "~" or "!." "NC" indicates the replicates are not concordant. "NA" indicates the protein was not quantified.
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downregulation likely of an N-terminal product, although it
is larger than the cleavage product resulting from proces-
sing of LTBP1 at the hinge region (16).

Identification of novel metastasis–associated proteins
Integrated data analysis of lysate, conditioned media,

and cell surface components for proteins associated with
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metastasis yielded several novel proteins. LRRC8 is a known
endoplasmic reticulum protein which we found to be upre-
gulated on the surface of metastatic cells. Cytoskeletal pro-
tein PDLIM5 was also upregulated on the surface of meta-
static cells and showed evidence of cleavage, with the first
half and the second half of the protein eluting out in different
fractions. Another lim-containing protein, CSRP2, was upre-
gulated and occurred as an intact protein in the cell surface
fraction. Many novel secreted proteins were also upregulated.
Fibulin 2, previously suggested to be a tumor suppressor was
upregulated 7-fold, MASP1 and peroxidasin were upregulated
3-fold. In addition, several cytoplasmic and nuclear proteins
were found to be secreted by metastatic cells including
ST3GAL4, ST6GAL1, SIL1, and SDF4. Expression of several
proteins upregulated in 344SQ cells was evaluated in human
non–small cell lung cancer cell lines (NSCLC) with mesen-
chymal or epithelial features. CSRP2 and PDLIM5 were
expressed at higher levels in cells with mesenchymal features
than more epithelial cell lines. PDLIM5 was further upregu-
lated in conditioned media from mesenchymal NSCLC cell
lines (Fig. 3D). These findings show the applicability of
findings in the mouse model to human lung cancer.

Identification of miR-200–regulated proteins
miR-200 regulates EMT and metastasis at least, in part,

through a negative regulatory loop with the Zeb1/2 family of
transcriptional repressors (6, 17). As one of the primary
biological differences between the metastatic 344SQ cells
and the nonmetastatic 393P cells is the expression of the
miR-200 family members, we investigated the effect of miR-
200 on protein expression. For this analysis, 344SQ cell lines
(which normally have low miR-200 expression) with stable
miR200b-200a-429 (344SQ_miR-200) expression or a vector
control (344SQ_vector) were established and their protein
constituents analyzed by LC/MS-MS. We identified 193
upregulated proteins and 179 downregulated proteins in
the combined subproteomes in 344SQ_miR-200 cells (Sup-
plementary Tables S4A, S4B, and S4C). Gene Ontology anal-
ysis of differentially regulated proteins revealed similar
findings to the 344SQ/393P analysis, as categories associated
with peptidase activity, cell adhesion, and ECM among the
proteins downregulated with miR-200 restoration, whereas
proteins upregulated with miR-200 restoration were associ-
ated primarily with cytoskeletal regulation and cell adhesion
(Supplementary Tables S5).

Table 3. miR-200 regulation of proteins

Protein mRNA

344SQ/393P 344SQ_miR-200/344SQ_control 344SQ/393P
344SQ_miR-200/
344SQ_control

Genes Ratio Ratio Ratio P Ratio P

B4galt5 4.60 0.39 1.20 3.35E-01 1.29 1.48E-01
Bmp4 2.90 0.43 4.88 5.13E-03 0.17 7.89E-03
Col6a1 3.47 0.57 1.97 3.98E-03 0.71 6.40E-02
Cst3 1.76 0.49 1.05 5.39E-01 0.46 2.79E-04
Ctsc 3.74 0.48 1.27 2.83E-01 1.23 2.79E-01
Ctsh 5.36 0.28 1.83 9.79E-03 0.26 1.15E-02
Egfr 2.84 0.39 1.24 5.72E-02 1.16 5.88E-02
Fetub 2.98 0.47 0.87 3.34E-02 0.87 2.69E-01
Fn1 1.73 0.48 0.88 9.23E-02 2.15 7.12E-02
Ggh 2.91 0.59 0.69 4.85E-01 1.01 9.24E-01
Gnptg 2.26 0.39 1.09 5.20E-01 0.78 2.70E-01
Lgals3bp 6.52 0.42 1.88 1.04E-02 0.20 2.26E-03
Loxl2 4.34 0.36 0.87 7.84E-01 0.67 1.77E-01
Man2b1 2.59 0.44 0.92 2.46E-01 1.04 4.62E-01
Manba 2.67 0.39 1.20 3.73E-01 0.59 2.39E-01
Mcpt2 34.61 0.10 5.86 6.16E-04 0.01 6.88E-05
Mcpt8 12.11 0.58 3.97 2.22E-03 0.64 8.32E-02
Mfge8 5.06 0.61 0.99 5.92E-01 0.86 4.23E-01
Prl2c4 2.60 0.25 0.37 2.57E-02 0.36 3.29E-02
Serpine1 6.95 0.25 1.13 1.09E-01 0.68 3.56E-01
Sftpb 18.59 0.08 46.29 3.10E-05 0.02 1.06E-05
Tinagl1 4.04 0.52 1.24 2.09E-02 0.89 2.43E-01

NOTE: Overlap between proteins upregulated in 344SQ cells and downregulated after re-expression of miR-200. Values for
proteins are weighted averages of reciprocal labeling experiments.

Proteomic Impact of miR-200 Regulation of EMT

www.aacrjournals.org Cancer Res; 71(24) December 15, 2011 7677

on September 7, 2013. © 2011 American Association for Cancer Research. cancerres.aacrjournals.org Downloaded from 

Published OnlineFirst October 10, 2011; DOI: 10.1158/0008-5472.CAN-11-0964 

http://cancerres.aacrjournals.org/


Restoration of miR-200 expression affects the
microenvironment through protein shedding and
secretion

To ascertain changes in cellular functions after restoration
of miR-200 expression, we assessed the differentially regulated
proteins from conditioned media, cell surface, and whole-cell
lysates. The most striking effect of miR-200 expression was a
change in protein constituents in the media resulting from
protein secretion and shedding with downregulation of ECM,
peptidases, and cell adhesion proteins in the conditioned
media from the 344SQ_miR-200 cells (Fig. 3E). Twenty-two
proteins upregulated in the 344SQ/393P conditioned media
were downregulated in conditioned media from 344SQ_miR-
200 cells, suggesting direct regulation by miR-200 (Table 3).
Furthermore, there was significant correlation between pro-
tein andmRNA expression in the downregulated proteins from
the 344SQ_miR-200/vector control comparison (P¼ 6.38E-12),
supporting the role miR-200 plays in altering the cellular
microenvironment. To validate proteins regulated by
miR-200, we analyzed expression of proteins downregulated
after miR-200 expression in 344SQ cells in a set of human
NSCLC cell lines for which we have miRNA expression data.
Several proteins in each compartment correlatedwithmiR-200
family expression at both the RNA and protein level in NSCLC
human cell lines (Table 4), including known miR-200 targets
such as CDH1, but also EPS8L2, PLS1, LSR, and others.

We have previously shown that miR-200 expression alters
many genes at the expression level through an indirect effect.
Though restoring miR-200 expression in 344SQ cells reverted
the EMT, the small number of overlapping proteins upregu-
lated in 344SQ cells and downregulated after miR-200 expres-
sion is restored suggests the occurrence of regulatory mechan-
isms other than direct inhibition of miR-200. To elucidate
alternativemechanisms for regulation of genes associatedwith
EMT, the publicly available software package Amadeus was
used to search for commonDNAmotifs in promoter sequences
from differentially regulated genes (Supplementary Table S6;
ref. 18). One transcription factor identified in upregulated
proteins is the oncogene C-ets-1, a member of the ETS family
that has been shown to be upregulated in invasive cancers and
to be an effector of TGFb-induced EMT, by upregulating Zeb1
(19, 20). ZEB1DNA binding elements were enriched in both the
downregulated mRNA and protein data sets (Suplementary
Table S7). Zeb1 is a validated target of miR-200 that was
previously shown to be upregulated in 344SQ cells, whereas
C-ets-1 was recently shown to be a direct miR-200 target in
human endothelial cells. Expression ofC-ets-1was regulated by
miR-200 at both the mRNA and protein level (Fig. 4A and B).
Activity of a luciferase reporter containing the 30 untranslated
region (UTR) for C-ets-1 was directly regulated by cotransfec-
tion of miR-200B and C, but not miR-200A, as predicted from
the seed sequence sites found in the 30 UTR (Fig. 4C and D).

Table 4. Protein and gene expression correlation withmiR-200 family members in human NSCLC cell lines

344SQ_
miR-200/
344SQ_
control

Protein mRNA

Conditioned
media

Protein
ratio

miR-200a miR-200b miR-429 miR-200c miR-141 miR-200a miR-200b miR-429 miR-200c miR-141

CDH1 1.67 0.59 0.56 0.37 0.7 0.7 0.71 0.74 0.7 0.92 0.92
EPS8L2 2.05 0.53 0.56 0.39 0.59 0.63 0.56 0.51 0.44 0.22 0.22
IRF2BP2 3.07 0.14 0.41 0.36 0.18 0.16 0.34 0.46 0.39 0.4 0.42
KRT7 2.52 0.63 0.59 0.53 0.53 0.55 0.55 0.52 0.48 0.49 0.48
KRT8 1.78 0.23 0.49 0.27 0.44 0.49 0.32 0.31 0.26 0.48 0.46
KRT19 2.24 0.6 0.59 0.45 0.58 0.59 0.65 0.59 0.52 0.76 0.76

Cell surface
Atp1b1 1.65 0.39 0.45 0.45 0.39 0.42 0.4 0.44 0.38 0.5 0.5
F3 1.64 0.49 0.45 0.32 0.42 0.4 0.67 0.66 0.61 0.57 0.56
F11R 1.71 0.35 0.44 0.24 0.31 0.34 0.54 0.61 0.57 0.57 0.58
LSR 1.57 0.45 0.43 0.42 0.43 0.4 0.42 0.38 0.35 0.53 0.53
SDCBP2 1.89 0.38 0.3 0.21 0.41 0.42 0.6 0.62 0.5 0.62 0.63

Whole-cell
lysate

EPS8L2 1.65 0.55 0.57 0.37 0.57 0.58 0.56 0.51 0.44 0.22 0.22
GOLGA2 1.63 0.35 0.26 0.26 0.44 0.4 0.39 0.44 0.38 0.59 0.59
PLS1 1.60 0.44 0.55 0.36 0.44 0.46 0.63 0.62 0.62 0.5 0.49

NOTE: Spearman and Pearson correlation coefficients are listed for protein and mRNA expression, respectively, with r values having
a P < 0.01 in bold.
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This is in contrast to the 30 UTR for Zeb1, which has docu-
mented sites for both of the miR-200 family seed sequences.
Another transcription factor, AP-2REP, was also identified in
both the downregulated mRNA and protein data sets and has
been shown to be amplified in invasive gastric cancer and
salivary tumors (21). Activating transcription factors, known
to mediate and regulate effects of TGFb, were also enriched
in the upregulated mRNAs. Interestingly, binding sites for
ETS2, which shares overlapping function with ETS1 during
mouse development, were identified in the downregulated
mRNA, suggesting differential roles for ETS1 and ETS2 during
tumor progression, a finding supported by transcript analysis
in human lung cancer cell lines (data not shown).

Discussion

In this work, we have carried out an in-depth systems analysis
of metastatic lung tumors which spontaneously undergo EMT,
identifying changes in the deposition of ECM, protease function,

and cell adhesion. Although prior studies of EMT using proteo-
mics have been primarily based on total lysates from cancer cell
lines, we expanded on previous findings with analysis of tumors
and subproteomes from primary cell lines (22–24). Our initial
proteomic analysis comparingmetastatic andnonmetastasizing
primary cell lines grown as syngeneic murine tumors revealed a
large number of proteins (80 up and 59 down) potentially
involved in tumor progression, whereas analysis by LC/MS-MS
of cultured cell lines labeled in vitro enabled protein identifica-
tion and quantitation of intracellular, cell surface, and secreted/
shed proteins, greatly increasing the total number of differen-
tially regulated proteins and providing insight into protein
processing. Integration of data from the subproteomes enabled
identification of relevant biological functions such as changes in
ECM and cell adhesion and pertinent regulatory networks,
notably regulators of the metastatic driver TGFb-1. Findings
included increased expression of the proteolytic activators
FURIN and PCSK6 in the conditioned media, as well as differ-
ential regulation of latent transforming binding proteins.
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ECM regulation of cell behavior is transmitted through
cell surface receptors, embedded cytokines and growth, as well
as by posttranslational modification and matrix stiffness.
Numerous changes were observed in ECM proteins, proteases,
and cell adhesion in the metastatic 344SQ cells, including
upregulation of full-length lamins A5, B2, and C1, collagen
6A1, fibronectin, Loxl2, a protein involved in the stiffening of
collagen, and biglycan, a collagen binding partner. Although the
classical model of tumor progression includes degradation of
the ECM for cells to invade through the basement membrane,
we observed increased production of particular full-length ECM
proteins without evidence of degradation. These effects are in
part driven by miR-200 expression as there was significant
downregulation of ECM proteins after miR-200 reexpression.
Interestingly, although there was an increase in laminins (lam-
inin a5, b2, and g1) secreted by the 344SQ cells, collagens
(collagens 4A1, 4A2, 5A1, and 6A1) were the primary ECM
structural component reduced with miR-200 restoration.
Increased ECM production has been observed in several cancer
types, such as oral squamous cell carcinomas, colorectal cancer,
andbreast cancer (25, 26). The apparent switch from laminins to
collagens, alongwith expression of fibronectin and lysyl oxidase
homolog 2, stiffens the matrix, a finding which has been shown
to aid in tumor progression in several tumormodels, but not so
far in lung cancer (reviewed in ref. 27). This downregulation of
collagens and matrix stiffening proteins with miR-200 expres-
sion implies a specific novel role for miR-200 in collagen
production. Other miRNAs have previously been shown to play

roles in fibrosis through regulation of ECM proteins; miR-29
familymembers downregulate collagens andfibrillins inhepatic
and cardiac fibroblasts, whereas mir-21 mediates pulmonary
fibrosis, but this is the first evidence of miRNA effects on the
microenvironment during tumorigenesis (28, 29). Recent work
by Korpal and colleagues identified Sec23a as anmiR-200 target
important for mediating the secretion of metastasis-related
proteins in breast cancer cell line (30). Many of the proteins
they identified as beingmiR-200- or Sec23a dependentwere also
identified in our study, such as IGFBP4, Tinagl1, and Ltbp3,
although the total number of differentially regulated proteins in
our study wasmore, likely due to the higher resolution provided
by more extensive fractionation. Sec23a itself was upregulated
in the mRNA expression analysis, but only in one of the two
344SQ/393P proteomic analyses, not meeting our stringent
threshold for upregulation.

In addition to ECM structural proteins, we also observed
differential regulation of peptidases and cell adhesion proteins
in 344SQ cells and downregulation of peptidases with miR-200
restoration. Of the 22 proteins in the 344SQ/393P conditioned
media that seem to be directly regulated by miR-200, 8 were
peptidases or peptidase inhibitors. Expression and processing
of cell adhesion molecules were also modified in 344SQ cells
and closer investigation of the specific cellular adhesion pro-
teins reveals a shift from proteins functioning in cell–cell
adhesion and epithelial phenotype to cell-matrix adhesion and
mesenchymal phenotype (Fig. 5). Cell surface adhesion mole-
cules CDH17, integrins aV and b3, and CD44, all directly bind

Figure 5. Regulation of cell adhesion
proteins in 344SQ metastatic cells.
Cell adhesion and ECMproteins are
differentially regulated in metastatic
cells. Changes of protein
expression observed in 344SQcells
reveal enhanced binding to ECM
and decreased cell–cell adhesion
along with upregulation of ECM.
Upregulated proteins are labeled in
red and downregulated proteins in
green.
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cells to ECM whereas secreted LGALS3BP, neuregulin, and
THBS4 increase cell-matrix adhesion (31, 32) and Adam10,
Loxl2, and EPHA4 inhibit cell–cell adhesion (33–35). Adhesion
proteins downregulated in the media, such as cadherins 3
and 13, desmocollin 2, and SLIT2 promote epithelial cell–
cell adhesion, and loss is associated with increases in invasion
and tumor progression (36–38). The changes in ECM,
peptidases, and cell adhesion proteins represent remodeling
of the microenvironment and the cell surface after or coinci-
dent with EMT.
In order for a tumor to progress, tumor cells must be

capable of self-renewal, likely through cancer stem cells. The
stem cell marker CD44 was upregulated in 344SQ cells along
with mesenchymal stem cell markers CD9 and CD106
(VCAM1; refs. 39, 40). We also observed upregulation of 2
aldehyde dehydrogenases (ALDH3A1 and ALDH1A7); alde-
hyde dehydrogenase activity and ALDH3A1 in particular
have been suggested as markers of cancer stem cells in
several cancer types (41). An increase in glutathione trans-
ferase expression has also been correlated with CD133
expression in NSCLC tumor samples, and we have recently
identified a metastatic subpopulation of cells in this model
to be CD133þ (42). We further observe upregulation of 5
GSTs (GSTM1, GSTA2, GSTM2, GSTA4, and GSTM7) in
metastatic 344SQ cells, suggesting GST activity plays an
important role in metastasis and may be another potential
marker for cancer stem cells. Reactive oxygen species (ROS)
play a role in many aspects of metastasis, including cell
adhesion, motility, cell death, and other cancer-related path-
ways, and glutathione scavenging of reactive species and
free radicals is a mechanism by which cells prevent the
damage of ROS, with GSTs catalyzing the binding of reduced
glutathione to both endogenous and exogenous reactive
species, reducing the toxicity of these molecules (43).
In our proteomics analysis, we observed evidence of tran-

scriptional regulation in 8 of the 22 proteins downregulated in
conditioned media after miR-200 overexpression. Further-
more, comparison of the 22 gene list with Targetscan and
Pictar predicted miR-200–regulated genes reveals only 1 miR-

200 predicted gene on the list,fibronectin.We cannot ascertain
from this data whether the affected genes in this list are direct
targets of miR-200, but previous analysis of microRNA regu-
lation also revealed large numbers of affected genes that do not
have 30 UTR consensus sequences for miR-200 regulation
(44, 45). miR-200 functions in a feedback loop with the tran-
scriptional repressors Zeb1 and Zeb2 to regulate the EMT
through miR-200 active sites in the 30 UTR of Zeb, whereas
ZEB1 and ZEB2 are also capable of repressing transcription of
miR-200 family members (46). ZEB1 was found to be over-
expressed inmetastatic 344SQ cells andmay be responsible for
changes in gene expression that are not accounted for by miR-
200. The identification of ZEB1 binding domains in the pro-
moters of downregulated proteins and transcripts raises the
possibility that the miR-200 family's effect is a combination of
direct suppression and regulation of multiple transcription
factors, such as Zeb1 and c-ets-1. Promoter analysis of differ-
entially regulated genes further revealed other potential tran-
scription factors with a role in EMT such as Ap-2rep. Further
study is required to elucidate the combined role for these
factors in EMT and metastasis.
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