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Cancer progression has similarities with the process of epithelial-to-mesenchymal transition (EMT) found
during embryonic development, during which cells down-regulate E-cadherin and up-regulate Vimentin
expression. By evaluating the expression of 207 microRNAs (miRNAs) in the 60 cell lines of the drug
screening panel maintained by the Nation Cancer Institute, we identified the miR-200 miRNA family as an
extraordinary marker for cells that express E-cadherin but lack expression of Vimentin. These findings were
extended to primary ovarian cancer specimens. miR-200 was found to directly target the mRNA of the
E-cadherin transcriptional repressors ZEB1 (TCF8/3EF1) and ZEB2 (SMAD-interacting protein 1
[SIP1]/ZFXH1B). Ectopic expression of miR-200 caused up-regulation of E-cadherin in cancer cell lines and
reduced their motility. Conversely, inhibition of miR-200 reduced E-cadherin expression, increased expression
of Vimentin, and induced EMT. Our data identify miR-200 as a powerful marker and determining factor of the

epithelial phenotype of cancer cells.
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MicroRNAs (miRNAs) are small 20- to 22-nucleotide (nt)-
long noncoding RN As that inhibit gene expression at the
post-transcriptional level. Each of the ~400 miRNAs
known to exist in mammalian cells has multiple targets,
making them powerful regulators of complex processes
such as differentiation and cancer progression. Indeed, a
strong link between miRNA and human cancers has
been established, as miRNAs have been demonstrated to
act as either oncogenes (e.g., miR-155, miR-17-5p, and
miR-21) (He et al. 2005; Voorhoeve et al. 2006) or tumor
suppressors (e.g., miR-15a, miR-16-1, and let-7) (Calin et
al. 2002; Takamizawa et al. 2004; Johnson et al. 2005;
Akao et al. 2006; Yanaihara et al. 20006).
Epithelial-to-mesenchymal transition (EMT)-like pro-
cesses occur as part of embryonic development and
wound healing (Savagner 2001), and during carcinogene-
sis (Dvorak 1986) when cancer cells undergo a change
from a differentiated to a more invasive dedifferentiated
tumor (Savagner 2001; Fuchs et al. 2002). After EMT in-
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duction, cells lose epithelial features and acquire mesen-
chymal characteristics, including Vimentin filaments
and a flattened phenotype. They become more invasive
by expressing proteases that allow them to pass through
the underlying basement membrane and migrate, both
being crucial steps in the multistep process of metasta-
sis.

As part of EMT, cancer cells express various transcrip-
tion factors—such as the E-box-binding factors SNAI1I
(Snail), SNAI2 (Slug), and the basic helix-loop-helix
(bHLH) factor Twist (Peinado et al. 2007)—in response to
stimulation with a number of soluble factors that are
present in the tumor environment, such as TGFB or
TNFa. In addition, two other E-box-binding transcrip-
tion factors—ZEBI1 (also known as TCF8 and 3EF1) and
ZEB2 (also known as ZFXHIB and SMAD-interacting
protein 1 [SIP1]}—are important regulators in the com-
plex network of transcriptional repressors that regulate
the expression of E-cadherin and EMT through repres-
sion of a number of master regulators of epithelial polar-
ity (Comijn et al. 2001; Eger et al. 2005; Aigner et al.
2007; Shirakihara et al. 2007).

The 60 cell lines of the drug screening panel of human
cancer cell lines at the National Cancer Institute
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(NCI60) represent nine different cancers (http://dtp.nci.
nih.gov). However, they can be genetically divided into
two major branches: Supercluster 1 (SC1) cells have a
mesenchymal gene signature, and SC2 cells were de-
scribed to express an epithelial gene profile (Ross et al.
2000), suggesting that SC1 and SC2 cells might represent
two stages of tumor progression often equated with
EMT. We previously identified let-7 as a marker for SC2
cells and loss of let-7 as a marker for more advanced
cancer (Shell et al. 2007). The expression of let-7 and
concomitant up-regulation of its main target, HMGA2,
was found to be a characteristic of early neoplastic trans-
formation in ovarian cancer patients. However, neither
in the NCI60 cell lines nor in the primary patient tumors
did let-7 or HMGAZ2 correlate well with expression of
E-cadherin or Vimentin. While E-cadherin expression is
known to be lost during cancer progression, let-7 was
unlikely to have a role in preventing loss of E-cadherin
expression and EMT, leaving open the question of
whether miRNAs are involved in the regulation of EMT.
We have now identified the miR-200 family of miRNAs
as a general marker for E-cadherin-positive and Vimen-
tin-negative cancer cells in both the NCI60 cells as well
as ovarian cancer patients. We report an extraordinarily
tight control of E-cadherin/Vimentin expression by
miR-200 miRNAs through targeting the mRNAs of
ZEB1 and ZEB2. Taken together, our data identify miR-
200 as a marker for E-cadherin-positive cancer cells and
as a powerful regulator of EMT.

Results

The NCI60 cells can be divided into three groups
according to the ratio of E-cadherin to Vimentin
expression

To identify miRNAs that might be important for regu-
lating E-cadherin expression, we set out to identify miR-
NAs whose expression correlated with the expression of

Supercluster 2
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E-cadherin and Vimentin in the NCI60 cells. We first
determined the expression levels of E-cadherin and Vi-
mentin in 59 of the NCI60 cells using Western blot
analysis followed by densitometry (Fig. 1A). We then
sorted all 59 NCI60 cell lines from highest to lowest
E-cadherin/Vimentin ratio (Fig. 1B). Cells fell into three
groups: an epithelial group with very high E-cadherin
expression and no detectable Vimentin expression, a
group that had either both markers expressed at the same
level or no expression of either of these two markers, and
finally, a mesenchymal group with high Vimentin and
no detectable E-cadherin expression. We reasoned that
the comparison of the cells with an epithelial phenotype
with cells of the mesenchymal group would allow us to
identify miRNAs whose expression correlates with ei-
ther of the two stages and that potentially could be regu-
lators of EMT.

Identification of the miR-200 family as a general
marker for E-cadherin-positive and Vimentin-negative
cancer cell lines

To identify miRNAs expression that could separate epi-
thelial from mesenchymal cells, we interrogated a data
set containing the expression levels of 207 miRNAs de-
termined by real-time PCR in all NCI60 cells (Gaur et al.
2007). All miRNAs were ranked according to the differ-
ence in expression between the epithelial and mesenchy-
mal cells (Figure 2A; Supplemental Fig. S1). Five miRNAs
were selectively expressed in the epithelial cells, four of
them with extraordinarily low P-values between 107!2
and 1072°, suggesting a very strong association with the
epithelial and mesenchymal phenotype, respectively.
These four miRNAs were miR-200a, miR-200b, miR-
200c, and miR-141, all of which are part of the family of
miR-200 miRNAs that also includes miR-429 (Fig. 2B).
miR-429 could not be detected because it was not part of
the data set available to us. The miR-200 family can be
grouped into two subfamilies in two ways. The

A —— Supercluster1

Figure 1. Identification of E-cadherin-positive and
-negative cells among the NCI60 cell lines. (A) Western

blot analysis of 59 of the NCI60 cell lines for E-cadherin

and Vimentin expression grouped into superclusters. (B)
NCI60 cells ranked according to highest to lowest ratio

of E-cadherin/Vimentin expression. Epithelial cells ex-

press only E-cadherin and mesenchymal cells express

only Vimentin. Undefined cell lines express either both

markers or neither of them. The E-cadherin/Vimentin

ratio was determined using densitometry of the data

shown in A. Expression was normalized to actin bands
run twice on different gels (not shown). The arrow in-
dicates the change in E-cadherin/Vimentin ratio in
HCT116 cells after inhibition of miR-200 as shown in

casragy ol 8 gBloedd 1zce, sk BEE .o oRaafl sl

ERBE38 ainE 3982500 80205300 537458 g2aa0q 8 prErTEe3 85828

l?aa%sag§%§2§¥§asﬁ§ssss=sassgﬁa§3§8§;s§&§issﬁag:géggﬁga 38z

E-cad S s e p—— ~

e —— e =]

w.Epithelial mesenchymal
104

=

= 100

=

(g

g 102

2

E 1 //

LR ~

i

Q

T 0

' 4
Se = = 5 = i3
g §__ 4 PE5. =P 5B B 5.8 = g 8 B o
528:988955 0505828858 3555828:5 5855 _§5950000052 35 590503580
SHInR e e i S B
e e e e e T | L e PR
§.L Eﬁagggggsﬁasgséoa- 334=¥E_-5gaig'"l§zﬁ§f§5§ Eg.';:q':SuE hd ﬁgg
59¢EE09580555E35850378728550550350005595an R 2858235355582

Figure 5A.
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Figure 2. The miR-200 family of miRNAs is selectively expressed in only E-cadherin-positive and Vimentin-negative cells. (A)
Expression of the 77 miRNAs with the highest expression in the NCI60 cells (Shell et al. 2007) ranked according to expression in either
epithelial or mesenchymal cell lines. P-values are the result of a two-sample t-test analysis. High expression is indicated in red and
low expression is in blue. Fold change (log2) is indicated. (B) The miR-200 family of miRNAs consists of two closely related subfami-
lies. Identical positions among all five family members are shown in bold. Seed sequences are boxed. (C) The five miR-200 family
members are located on two different genetic loci. The correlation to the two functional subfamilies is indicated by using different
colors. (D-G) Comparison of Vimentin protein expression (D), Vimentin mRNA expression (E), E-cadherin protein expression (F), and
E-cadherin mRNA expression (G) with that of miR-200c in the NCI60 cells. Pearson correlation coefficients (R) and P-values (p) are

reported.

first way is functionally, according to the presence of
two types of seed sequences (Fig. 2B): miR-200a/miR-141
and miR-200b/miR-200c/miR-429. The second way is ge-
netically, according to the location in two gene clusters
on two different chromosomes: miR-200b/miR-200a/
miR-429 on chr. 1, and miR-200c/miR-141 on chr. 12
(Fig. 2C). In our study, we performed most experiments
with two miR-200 family members—miR-200a and
miR-200c—Dbecause they represent members of both sub-
families. For simplicity, we will refer to the members of
the miR-200 family collectively as miR-200. Expression
of all tested miR-200 family members showed an inverse
correlation with the Vimentin protein expression in al-
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most all 59 cell lines (Fig. 2D; data not shown). We also
plotted the expression of miR-200c versus the expression
of Vimentin mRNA (Fig. 2E). Consistent with transcrip-
tional regulation, we found a similar inverse correlation
between all four miR-200 miRNAs and Vimentin
mRNA expression (Fig. 2E; data not shown). Interest-
ingly, the same outlier, DU145, was found with moder-
ate expression of both miR-200c¢ and Vimentin on both
the protein and the mRNA level. miR-200c was posi-
tively correlated with the expression of E-cadherin, as
there was not a single cell line with high or intermediate
miR-200 expression that lacked E-cadherin expression
on both the protein and the mRNA level (Fig. 2F,G; data
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not shown). The best correlation was found between the miR-200 in general could target the 3'UTR of ZEB2 in
expression of miR-200 and the ratio of E-cadherin and NCI60 cells, we transfected a ZEB2 reporter construct in
Vimentin mRNA (Supplemental Fig. S2), suggesting that which the murine ZEB2 3'UTR was fused to luciferase
miR-200 was a powerful marker for cell lines with an into the miR-200 low-expressing cell line IGROV-1 and
epithelial nature. Our data suggested a strong association the miR-200 high-expressing cell lines HCT116 and
between miR-200 expression and the epithelial nature of KM12 (Fig. 3B). Luciferase activity was strongly re-
cancer cell lines. pressed in HCT116 and KM12 cells and was only slightly

affected in the IGROV-1 cells, suggesting that endo-
genous levels of miR-200 may be sufficient to target the
ZEB2 3'UTR. Using both wild-type and mutant con-
structs of human ZEB1 and ZEB2 3’'UTRs carrying mu-
tations in all miR-200b/c/429 targeting sites, we now

The mRNAs of ZEB1 and ZEB2 are targeted
by miR-200, and the two factors are inversely
expressed with E-cadherin/Vimentin in the NCI60

cells demonstrate that ectopic miR-200c suppresses by di-
The E-box-binding transcription factors ZEB1 and ZEB2 rectly affecting the predicted miR-200c targeting sites
have both been suggested to be targets of miR-200 (Hur- (Fig. 3C). Both mutant ZEB 3'UTRs were completely re-
teau et al. 2006; Christoffersen et al. 2007). According to sistant to the suppressing activity of miR-200c. To de-
TargetScan 4.1 (http://www.targetscan.org), ZEB2 has termine whether endogenous miR-200 suppresses lucif-
two predicted miR-200a/141 and five miR-200b/200c/ erase activity through silencing the 3'UTR of ZEB2 and
429 seed matches in its 3’ untranslated region (UTR) ZEBI1, we transfected HCT116 cells with either the mu-
(Fig. 3A). Remarkably, five of these miR-200 recognition rine ZEB2 3'UTR (used in Fig. 3B) or the human ZEB2
sites are conserved 8mers. ZEB1 carries five putative 3'UTR (used in Fig. 3C) or human ZEB1 3'UTR together
miR-200b/200¢/429 and three miR-200a/141 sites in its with a miR-200 inhibitor. To inhibit all members of the
3'UTR (Fig. 3A). To determine whether endogenous miR-200 family, we designed a locked nucleic acid
A B miR-200a/141 miR-2000/200¢/429 1.9kb
ZEB1 | Renilla Luc ! < - £ ¢
ZEB2 Renilla Luc : & s T
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Figure 3. Endogenous miR-200 targets the mRNAs of ZEB1 and ZEB2. (A) Schematic of the ZEB1 and ZEB2 3'UTRs with the location
of the predicted miR-200a/141 (blue) and miR-200b/c/429 (green) target sites. Shown are the luciferase constructs with the human ZEB
3'UTRs. (B) Activity of the firefly luciferase gene linked to the 3'UTR of murine ZEB2 72 h after transfection into cell lines with
different endogenous miR-200 levels (IGROV-1, low; HCT116 and KM12, high). (C) 293T cells were transfected with the ZEB Renilla
luciferase constructs shown in A or corresponding mutants in which all five miR-200b/c/429 sites were mutated and either left
untreated (ctr) or cotransfected with scrambled pre-miR (S) or miR-200c¢ (200). (D) HCT116 cells were transfected with either 10 nM
scrambled LNA oligo (S) or LNA-200 (L) or left untreated and cotransfected with luciferase constructs containing either human ZEBI,
human ZEB2, or murine ZEB2 3'UTR. (E) Real-time PCR to quantify luciferase mRNA in HCT116 cells transfected with either empty
luciferase vector (pGL3) or the murine ZEB2 luciferase construct. Cells were either left untreated or cotransfected with either 50 nM
scrambled LNA oligo (S) or LNA-miR-200 (L). (F) Comparison of the ZEB1 mRNA expression with that of miR-200c in the NCI60 cells.
(G) Comparison of the ZEB2 mRNA expression with that of miR-200c in the NCI60 cells. Pearson correlation coefficients (R) and
P-values (p) are reported. (H) Comparison of the ZEB1 mRNA expression with that of the mRNA of ZEB2 in the NCI60 cells. Cells from
nine different cancer origins are labeled in different colors.

GENES & DEVELOPMENT 897


http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cship.org on April 26, 2024 - Published by Cold Spring Harbor Laboratory Press

Park et al.

(LNA)-based general anti-miR-200 inhibitor following a
strategy described recently for mir-29 (Mott et al. 2007).
The luciferase 3'UTR-expressing cells were either left
untreated or cotransfected with either scrambled LNA
oligo or LNA-200 (Fig. 3D). Luciferase activity of all con-
structs increased in LNA-200-treated cells. Consistent
with the 3'UTRs of human and mouse ZEB2 being
94.2% identical in sequence, luciferase activity in-
creased to about the same level with these two con-
structs (Fig. 3D). Our data confirm that endogenous miR-
200 targets the ZEB1 and ZEB2 3'UTRs. Expression of
most proteins regulated by miRNAs is regulated through
a silencing mechanism that only affects expression of
the proteins and not their mRNA levels. Interestingly,
for both ZEB genes, mRNA degradation was suggested to
be the mechanism of suppression rather than transla-
tional silencing (Hurteau et al. 2006; Christoffersen et al.
2007). However, this assumption was based on experi-
ments involving overexpression of miR-200, which can
force degradation of 3'UTRs. Using the same murine
ZEB2 luciferase 3'UTR construct used by Christoffersen
et al. (2007), we therefore determined whether the ZEB2
mRNA can be targeted by endogenous levels of miR-200
expressed in a cancer cell line. Using real-time PCR, we
detected reduced expression of firefly luciferase mRNA
in HCT116 cells cotransfected with the vector carrying
the ZEB2 3'UTR and scrambled oligo when compared
with just the empty luciferase vector (Fig. 3E). Inhibition
of miR-200 using the LNA miR-200 eliminated the
mRNA reduction, suggesting that endogenous miR-
200—at least in these cells—was able to cause reduc-
tion in the level of mRNA that carries the ZEB2 3'UTR.
To determine whether the actual ZEB1 and ZEB2
mRNAs are generally under the control of miR-200,
we plotted the expression of ZEB1 and ZEB2 mRNAs
versus the expression of miR-200a, miR-200b, miR-200c,
or miR-141 in the NCI60 cell lines on a cell-by-cell basis
(Fig. 3F,G; data not shown). A strong inverse correla-
tion between the expression of miR-200 and ZEB1 and
ZEB2 mRNA was detected. The correlation between
miR-200 and ZEB2 mRNA was especially striking,
with not a single cell line expressing both miR-200 and
ZEB2 (Fig. 3G; data not shown). Taken together, these
data strongly suggest that in the 59 cancer cell lines,
both ZEB1 and ZEB2 mRNA are targeted by endogenous
miR-200.

Our analysis suggests that both ZEB mRNAs are under
the tight control of miR-200. It has been shown that ZEB
proteins are expressed in a tissue-specific manner, mak-
ing it difficult to assign a unique function to either pro-
tein (Postigo and Dean 2000). To determine whether ZEB
proteins are expressed at different levels in different hu-
man cancer cells, we plotted the expression of ZEBI1
mRNA against the expression of ZEB2 mRNA in all
NCI60 cell lines. Interestingly, every cell line had a char-
acteristic ratio of ZEB1/ZEB2 expression, with all cell
lines expressing significant levels of miR-200 almost
negative in ZEB expression (data not shown). To deter-
mine whether this ratio corresponds to different cancer
origins, we labeled the nine cancer types represented in
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the NCI60 cells in different colors. Every cancer type
occupied a different and characteristic area in the two-
dimensional space of ZEB mRNA distribution (Fig. 3H).
Colon-derived cancer cells lack ZEB expression, whereas
CNS- and kidney-derived tumor cells express both fac-
tors. In contrast, most melanoma cells only express
ZEB2. ZEB proteins are expressed during development in
various organs. Our analysis of the NCI60 cells repre-
senting nine different human tissues indicates that can-
cer cells express various combinations of the two ZEB
proteins. The fact that there was not a single NCI60 cell
line that expresses high levels of both ZEB1 and ZEB2
suggests that while different cancers may use different
ratios of ZEB proteins, the overall concentration of both
factors is tightly regulated by miR-200, suggesting that
ZEB1 and ZEB2 have similar functions, and differences
in their activities are mainly due to tissue-specific ex-
pression.

We did not find a correlation between the ratio of ex-
pression between the miR-200a/miR141 and the miR-
200b/miR-200c functional subfamilies and the cell type
among the NCIG60 cells (data not shown), suggesting that
the ratio of ZEB1/ZEB2 expression in the different tis-
sues is determined by other mechanisms than expression
of different miR-200 genes. Interestingly, however, the
ratio of combined expression of miR-200a and miR-141
to the combined expression of miR-200b and miR-200c
(representing the two miR-200 families with slightly dif-
ferent targeting activities) was constant across all NCI60
cells (Supplemental Fig. S3A), suggesting that expression
of miR-200 members from both gene loci is regulated in
a way that the net outcome target coverage is very simi-
lar in all cells. In contrast, the contribution of the two
gene clusters to the miR-200 content in the NCI60 cell
lines varies significantly (Supplemental Fig. S3B). The R?
of the ratio of combined expression of miR-200a and
miR-200b to the combined expression of miR-200c and
miR-141 (representing the two different gene clusters)
was much less significant than between the two func-
tional families. This analysis suggests expression of
miRNAs from the two miR-200 gene loci is regulated in
a way that maintains equal expression of the two differ-
ent functional miR-200 classes, most likely due to the
fact that both gene loci contain members of each func-
tional subclass.

Increasing miR-200 levels induces
mesenchymal-to-epithelial transition (MET)

in established human cancer cell lines, reducing
their aggressiveness

Many established tumor cells, such as the NCI60 cell
lines, are relatively resistant to many EMT-inducing re-
agents (C. Feig, S.-M. Park, and M.E. Peter, unpubl.). We
therefore determined whether manipulation of miR-200
levels in a number of NCI60 cell lines could influence
marker expression in a way consistent with EMT or
MET induction. To determine whether miR-200 could
cause induction of E-cadherin expression, we transfected
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Figure 4. Induction of E-cadherin expres-
sion and MET in established cancer cell
lines by introducing exogenous miR-200.
(A) Cells were transfected with either
scrambled pre-miRNA (S) or a mixture of
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oligo or miR-200a/c to further induce E-
cadherin expression, and after 24 h were
transfected with control vector or ZEB2
expression plasmid. Three days later,
E-cadherin expression was quantified by
real-time PCR. Numbers were normalized
to a transfection efficiency of 23%. (E)
Twenty-two-hour in vitro motility assay
of MDA-MB-231 cells transfected three
times (D9) with either 50 nM scrambled
oligo (S) or miR-200a/c. (F) MDA-MB-231
cells were transfected with either scram-
bled oligo (S), miR-200a (200a), or miR-
200c (200c) individually or in combination
(200a/c), and after 24 h the expression of
E-cadherin, ZEB1, and ZEB2 was quanti-
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a mixture of miR-200a and miR-200c into miR-200 low-
expressing cell lines MDA-MB-231, A549, and ACHN.
miR-200a and miR-200c were chosen because they rep-
resent members of the two functional subfamilies of
miR-200 (Fig. 2B). Repeated transfection of 50 nM miR-
200a/c caused up-regulation of E-cadherin in all three
cell lines (Fig. 4A). Consistent with a regulation of ZEB1
and ZEB2 by miR-200, the expression of these two miR-
200 targets was reduced. In the MDA-MB-231 cells, up-
regulation of E-cadherin protein was evident already 3 d
after transfection (Fig. 4B), and morphological changes
consistent with the cells undergoing MET were seen af-
ter 6 d (Fig. 4C). miR-200 was highly potent in inducing
these changes since they were already observed in cells 3
d after transfection with only 5 nM miR-200a/c (Supple-
mental Fig. S4). Reintroduction of ZEB2 into miR-200a/
c-treated cells reversed the expression of E-cadherin,
demonstrating that ZEB2 alone was able to suppress
miR-200-induced E-cadherin (Fig. 4D). To test whether
increasing the level of miR-200 in the highly metastatic
MDA-MB-231 cells affected their motility, these cells
were transfected with miR-200a/c and subjected to an in
vitro motility assay (Fig. 4E). miR-200c-treated cells
showed significantly reduced motility, demonstrating
that miR-200 levels affect the aggressiveness of cancer
cells. This was not due to reduced growth of the miR-
200-transfected cells (data not shown).

ZEB2 fied by real-time PCR.

miR-200 family members target a similar and highly
overlapping set of genes

According to two miRNA target prediction algorithms—
TargetScan and TargetRank (http://hollywood.mit.edu/
targetrank)—miR-200a and miR-200c target a different but
overlapping set of targets. TargetScan predicts 429 miR-
200a and 602 miR-200c targets, with 75 shared targets
(12.4% of the predicted targets for miR-200c). TargetRank
predicts 1115 miR-200a and 1316 miR-200c targets, with
an overlap of 314 targets (23.9% of the predicted miR-
200c targets). To determine whether members of the two
families have different potencies in suppressing expres-
sion of ZEB1 or ZEB2, and hence different activities in in-
ducing MET, MDA-MB-231 cells were transfected with
either miR-200a or miR-200c individually. To minimize
the secondary effects, E-cadherin and ZEB1/2 mRNA
levels were determined 1 d after transfection (Fig. 4F).
Both miR-200 family members reduced expression of
ZEB2, but miR-200c was more potent in reducing ZEB1
levels and in inducing E-cadherin expression. To deter-
mine the efficiency of miR-200a and miR-200c to target
genes genome-wide, we performed a gene chip analysis
of MDA-MB-231 cells transfected with either miR-200a
or miR-200c. It has been shown that, 24 h after transfec-
tion of a miRNA, expression of genes that carry predicted
seed matches of the transfected miRNA in their 3'UTR
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is preferentially reduced (Johnson et al. 2007). Of the
~45,000 probe sets represented on the U133 chip set,
only 323 genes were decreased in their expression in cells
transfected with miR-200c, and only 108 genes were de-
creased in their expression in cells transfected with miR-
200a compared with the scrambled control (only >0.5-
fold down-regulation was considered) (data not shown).
Supplemental Table S1 lists all genes that were down-
regulated by both miR-200a and miR-200c. In the top
half of mRNAs detected with reduced expression, many
were predicted miR-200 targets, whereas in the bottom
half of the list of genes barely any predicted targets were
found, consistent with many of the highly down-regu-
lated genes being direct targets of either miR-200a or
miR-200c. Of the top 20 probe sets with reduced expres-
sion in both the cells transfected with miR-200a or with
miR-200c, nine were predicted by either or both target pre-
diction algorithms (Table 1). In contrast, genes that were
down-regulated by either miR-200a or miR-200c¢ alone
contained only a negligible number of predicted targets
(Supplemental Tables S2, S3). Our data are consistent
with miR-200a and miR-200c having very similar sets of
targets and causing similar functional changes in cells.

Reducing miR-200 levels induces EMT
in an established human cancer cell line

We chose HCT116, among NCI60 cell lines with very
high miR-200 expression, to test whether reduction of
miR-200 levels could induce EMT. Transfection of
HCT116 cells with the LNA-miR-200 inhibitor caused a
strong reduction of E-cadherin mRNA and protein ex-

pression (Fig. 5A-C), and a concomitant induction of Vi-
mentin (mRNA and protein) and ZEBl and ZEB2
mRNAs (Fig. 5A,C). These changes were associated with
a change from a cobblestone to a spindle-like morphol-
ogy (Fig. 5D), a classical marker of EMT induction.
Analysis of the E-cadherin and Vimentin expression be-
fore and after inhibition of miR-200 revealed that
HCT116 cells had moved from the epithelial to the mes-
enchymal group (Fig. 1B, arrow). To determine whether
the changes observed in HCT116 cells after inhibition of
endogenous miR-200 were due to the up-regulation of
ZEB proteins or other known inhibitors of E-cadherin
expression such as Snail or Twist, we sought to selec-
tively suppress the expression of ZEB1 and ZEB2 using
two siRNA pools and tested how that affected expression
of E-cadherin. Cells were first treated for six cycles with
either LNA scrambled oligo or LNA-200 to induce ex-
pression of ZEB1 and ZEB2, and after 24 h the same cells
were transfected with either the two siRNA pools indi-
vidually or a combination of both pools. After 2 d, the
expression levels of ZEB1, ZEB2, and E-cadherin were
quantified by real-time PCR (Fig. 5E). The siRNA against
ZEB2 reduced ZEB2 expression ~70% without changing
expression of ZEB1 (Fig. 5E). In contrast, the siRNA
against ZEB1 completely blocked the expression of ZEB1
to background levels and also affected the expression of
ZEB2 ~50%, a phenomenon described previously in an-
other report (Chua et al. 2007). The partial reduction of
ZEB2 expression alone did not have an effect on the ex-
pression of E-cadherin. In contrast, the complete reduc-
tion of ZEB1 expression together with the substantial
reduction in ZEB2 expression detected in the siZEBI1-

Table 1. The top 20 genes most down-regulated by both miR-200a and miR-200c

TargetScan TargetRank

miR-200a miR-200c
Gene fold down fold down miR-141/200a miR-200b,c/429 miR-200a miR-200c  GenBank accession number
ICEBERG 9.19 6.06 NM_021571.1
QKI 1.62 2.46 X X X AL031781
LOX® 1.23 2.46 X X L16895
WIPF1 1.32 1.87 X X X AW058622
LHFP 1.32 1.87 X X NM_005780.1
Unknown 1.23 1.87 AF134802.1
ZEB1P 1.41 1.74 X X X AI373166
Unknown 1.23 1.74 U79256
Unknown 1.52 1.74 BE644809
Unknown 1.32 1.74 AL133706
AP1S2 1.15 1.62 X AF251295.1
ZEB1P 1.32 1.62 X X X AI806174
RPS6 1.32 1.62 AA142942
TAX1BP1 1.15 1.62 AL047908
Unknown 1.74 1.62 AV703394
Unknown 1.62 1.62 AW119113
ZEB2 1.23 1.62 X X X NM_014795.1
PPAP2B 1.23 1.62 X AA628586
Unknown 1.32 1.52 NM_024551.1
Unknown 1.23 1.52 BF572868

?Lysyl oxidase (LOX) has been suggested to regulate EMT (Higgins et al. 2007).

PThe online versions of both TargetScan and TargetRank are based on an incomplete 3'UTR sequence for ZEB of 542 base pairs (bp).
The complete ZEB1 3'UTR contains 1954 bp (gb:U12170) and is predicted to be a target of both miR-200a and miR-200c by TargetScan
and TargetRank.

900 GENES & DEVELOPMENT


http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cship.org on April 26, 2024 - Published by Cold Spring Harbor Laboratory Press

miR-200 is an EMT regulator

LNA-200

Figure 5. Reducing endogenous miR-200
expression induces EMT in HCT116 cells.
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transfected cells caused a significant re-expression of E-
cadherin, and so did the treatment with both siZEB1 and
siZEB2 (Fig. 5E). These data suggest that only when both
expressed ZEB proteins are suppressed can E-cadherin be
expressed in cells with inhibited miR-200, demonstrat-
ing that ZEB proteins are indeed responsible for the sup-
pression of E-cadherin in HCT116 cells with inhibited
miR-200.

MiR-200 family members are expressed from two dif-
ferent loci that seem to be coregulated. To test whether
ZEB proteins are responsible in their coregulation by re-
pressing their activity in a positive feedback loop, we
transfected HCT116 cells with human ZEB2, and 3 d
after transfection determined the expression of miR-
200b and miR-200c, which are expressed from the two
different loci (Fig. 5F). Ectopically expressed ZEB2
caused down-regulation of E-cadherin, consistent with
the established function of ZEB2. However, rather then
causing a down-regulation of miR-200, miR-200b was
not affected by ZEB2 and miR-200c was up-regulated in
the transfected cells, suggesting that miR-200 family
members on the different loci are not codown-regulated
when ZEB2 levels drop. Collectively, the data demon-
strate that the miR-200 family is a powerful regulator of
EMT/MET by targeting ZEB1 and ZEB2, which control
the expression of E-cadherin. Loss of these miRNAs may
therefore have the potential to promote tumor metasta-
sis by initiating EMT.

LNA-200

MiR-200 but not let-7 is a predictor of the epithelial
nature of cancer cells

One of the main activities of let-7 may be to control
expression of early embryonic genes that could be re-
expressed during cancer progression (Park et al. 2007).
We now provide evidence that the miR-200 family of
miRNAs is selectively expressed in epithelial cells and is
absent in all cells with a low E-cadherin to Vimentin
ratio. A shift in this ratio is also often found during tu-
mor progression. Therefore, we hypothesize that both
miRNA families let-7 and miR-200 may be lost during
cancer progression. Consistent with this assumption is
the observation that while let-7 is a much better marker
for Type I/SC1 and Type II/SC2 cells, miR-200 also
shows a significantly higher expression in Type II/SC2
cells (Supplemental Fig. S5A). Interestingly, while let-7
shows a graded expression across all cell lines, the ex-
pression of miR-200 is switch-like, with many cell lines
not expressing any detectable miR-200, a property con-
sistent with the switch-like expression of epithelial
markers. Supplemental Figure S5, B and C, directly com-
pares the expression of let-7d and miR-200c in the dif-
ferent groups of NCI60 cells with different ratios in the
expression of E-cadherin and Vimentin. It is obvious that
let-7 expression does not vary among the different
groups. In contrast, miR-200a, miR-200b, miR-200c, and
miR-141 are expressed almost exclusively in the epithe-
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lial group I cells that do not express ZEB1 or ZEB2
(Supplemental Figs. S2, S5C). Interestingly, most of these
cell lines are SC2 cells (Supplemental Fig. S5C, labeled in
red), and the SC2 cells tend to express more miR-200
than the SC1 cells. These data suggest that in at least
~20% of the NCI60 cells the expression of let-7 and miR-
200 might be linked.

MIiR-200 expression correlates with E-cadherin
expression in tumors from ovarian cancer patients

To determine whether the expression of E-cadherin is
also under control of miR-200 in human tumor cells, we
quantified miR-200c expression in a set of ovarian can-
cers. KM12, a cell line with high miR-200 expression,
was used as positive control and IGROV-1 cells were
used as negative controls for miR-200 expression (Fig.
6A). Consistent with the role of miR-200 in mesenchy-
mal cells, RNA isolated from two patient tumor stroma
samples did not express detectable miR-200c levels. We
tested two sets of patient samples derived from primary
serous papillary ovarian cancer: one isolated according to
the highest expression of HMGA2 (characterizing the
most aggressive tumors) (Fig. 6B), and one isolated ac-
cording to highest tumor content as determined by H&E
staining (Fig. 6C). We found a significant correlation
(P =0.013 and P =0.046) between E-cadherin and miR-
200c expression in both sample sets, confirming the as-

g B>

sociation of miR-200 with the E-cadherin status in pri-
mary human cancer samples.

Our work complements a recent study that identified
all members of the miR-200 family as regulators of
TGFB-induced EMT in MDCK cells (Gregory et al. 2008).
Since human cancer cells often up-regulate TGFB late
during tumor progression (Jakowlew 2006), TGFB pro-
duced by the cancer cells or the tumor microenviron-
ment may induce reduction of miR-200 in the tumor, in
part driving progression through inducing EMT. To test
whether cancer cells could be driving miR-200 reduction
through up-regulation of TGFB, we compared the expres-
sion level of TGFB1 mRNA between the two groups of
NCI60 cells that either express miR-200 and E-cadherin
or ZEB1/2 and Vimentin (Fig. 6D). Interestingly, TGFB1
expression was significantly higher in the mesenchymal
group of cancer cells, and could therefore be involved in
regulating miR-200 expression during cancer progres-
sion.

Discussion

EMT is a complex differentiation process important in
processes as different as embryonic development, wound
healing, and tumor progression. It has been shown to
involve changes in the expression of at least 4000 genes
(Zavadil et al. 2001), suggesting that it is highly regulated
at the transcriptional level. It can be induced by a bewil-

Cc D

Figure 6. The expression of miR-200c
and E-cadherin correlates in tumor tissue
samples of ovarian cancer patients. (A)
Real-time PCR analysis of miR-200c¢ in
IGROV-1 and KM12 cells and two patient
stroma samples. (B,C) Correlation be-
tween the expression of miR-200c¢ and E-
cadherin mRNA in two sets of patient
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dering number of intracellular and extracellular factors
feeding into a large number of signaling pathways (for
review, see Hay 1995). While the upstream signals and
the types of tissues can be different, the final effectors
controlling the cell phenotype—including the cytoskel-
eton and the cell-cell and the cell-substratum adhesion
systems—appear to be remarkably similar in all forms of
the EMT-related differentiation processes (Savagner
2001). This suggests the existence of a master regulator
of EMT. However, to this date none of the described
regulators of EMT have the same regulatory power in all
cells. Finding a universal factor that would induce EMT
or MET in established human cancer cells has been dif-
ficult (C. Feig, S.-M. Park, and M.E. Peter, unpubl.), pre-
senting an obstacle in developing new treatment modali-
ties that are aimed at reversing EMT in human cancers.
We now report the identification of the miR-200 family
of miRNAs as a powerful marker for epithelial cells and
a regulator of EMT. By using the NCI60 cells, we could
investigate the direct relation between endogenous
miRNAs and EMT markers, such as E-cadherin and Vi-
mentin, in a large number of cell lines derived from nine
different human cancers. We did not find a single cell
line among 59 NCI60 cell lines that had an E-cadherin
high and Vimentin low phenotype and did not express
miR-200. This remarkable level of correlation between
the expression of miR-200 and the E-cadherin/Vimentin
ratio across all NCI60 cells strongly suggests that miR-
200 is a universal regulator of the epithelial nature of
cancer cells. Multiple functional assays confirmed that
miR-200 is actively involved in maintaining the epithe-
lial nature of cells, and altering miR-200 levels in estab-
lished cancer cell lines caused changes consistent with
either EMT or MET induction.

We recently identified another family of miRNAs, let-
7, as a specific marker for well-differentiated cancers. We
found that SC2 cells expressed higher amounts of let-7
(in particular, let-7d and let-7g) than SC1 cells (Shell et
al. 2007). It had been reported that the SCs found in the
NCI60 cell lines are defined by the difference in expres-
sion of epithelial and stromal markers (Ross et al. 2000).
However, we concluded that let-7 is not a regulator of
EMT for the following reasons (Park et al. 2007): (1) In an
hierarchical cluster analysis, many of the established
“epithelial” cell lines among the NCI60 cells separated
into the SC1 “stromal” group (Ross et al. 2000). (2) E-
cadherin and Vimentin did not separate well into SC1
from SC2 cells (Shell et al. 2007). (3) Let-7 levels did not
inversely correlate with levels of established EMT mark-
ers such as E-cadherin, Vimentin, or Snail (Park et al.
2007; Shell et al. 2007). (4) The expression pattern of let-7
during development is not consistent with its involve-
ment in EMT, but rather with a role of promoting and/or
arresting general differentiation pathways (Schulman et
al. 2005). While let-7 is unlikely to regulate EMT, it may
contribute to tumor progression by regulating a number
of early embryonic genes that are re-expressed during the
early stages of neoplastic transformation (Park et al.
2007).

In addition to being essential for embryonic develop-

miR-200 is an EMT regulator

ment, EMT has been implicated in the process of metas-
tasis formation through down-regulation of E-cadherin
(Thiery 2002; Thiery and Sleeman 2006). ZEB1, ZEB2,
and the transcription factors Snail, Slug, E47, and Twist
are all able to initiate EMT through binding to two bi-
partite E-box motifs within the E-cadherin promoter, re-
pressing its transcription (Peinado et al. 2004). Both ZEB
proteins have been implicated in human malignancies.
ZEB2 is up-regulated in advanced stages of ovarian, gas-
tric, and pancreatic cancer (Rosivatz et al. 2002; Elloul et
al. 2005, 2006; Imamichi et al. 2007), and serves as a
prognostic marker for squamous cell carcinoma (Maeda
et al. 2005). ZEBI1 has been associated with aggressive
behavior of colorectal tumors and uterine cancers (Pena
et al. 2005, 2006; Spoelstra et al. 2006). Together, these
findings point to ZEB1 and ZEB2 as critical promoters of
cancer progression. Our findings suggest that ZEB1 and
ZEB2 expression is controlled by the miR-200 family,
and that down-regulation of these miRNAs contributes
to the early stage in tumor metastasis.

ZEB1 and ZEB2 have been suggested recently to be
targets of miR-200c and miR-200Db, respectively (Chris-
toffersen et al. 2007; Hurteau et al. 2007), and miR-200
was demonstrated to cause changes in E-cadherin expres-
sion (Christoffersen et al. 2007; Hurteau et al. 2007).
However, these studies did not conclusively demon-
strate that the 3'UTRs of the two ZEBs are directly tar-
geted. Furthermore, neither of these studies demon-
strated that inhibition of endogenous miR-200 can in-
duce EMT. Our work now provides a detailed analysis of
the network of the two ZEBs and their regulation by
different miR-200 family members. The repression of the
ZEB proteins by miR-200 represents an interesting
model of regulation. Both ZEB proteins are expressed in
human cancer cell lines, albeit with different ratios. In-
terestingly, the total amount of both ZEBs never exceeds
the highest amount of either ZEB protein found in cells
that only express one of the two factors, suggesting that
the total amount of ZEBs must not exceed a certain
threshold. This is accomplished by a network of miR-
200 miRNAs that can be grouped into two families in
two ways. The first way is according to their specificity,
as the two groups differ in one nucleotide in their seed
sequences. Target prediction algorithms predicted a sig-
nificant difference in the spectrum of genes targeted by
the two subfamilies. However, a gene chip analysis of
cells transfected with individual members of these sub-
families indicated a much wider overlap in targets than
expected from the results given by the prediction algo-
rithms. Coregulation of ZEB1 and ZEB2. is also suggested
by the fact that both have five miR-200b/c/429 and three
and two miR-200a/141 sites in their 3'UTRs, respec-
tively. The second way in which the five miR-200
miRNAs can be grouped is according to their chromo-
somal location. MiR-200a/b and miR-429 are located in
one cluster on chr. 1, while miR-200c and miR-141 are
part of another cluster on chr. 12. MiRNAs in each clus-
ter are likely coregulated, and indeed we found variation
of >100-fold in the expression of members of one cluster
versus the other cluster among the NCI60 cell lines. In-
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terestingly, that did not translate into a major difference
in the ratio of expression of miR-200 family members of
the two functional subclasses, presumably because each
genetic locus expresses members of either functional
class. Our data lend support to the view that the two ZEB
proteins have similar functions (Postigo and Dean 2000),
and our data suggest that both can be regulated by all
members of the miR-200 family. This network of redun-
dant activities likely contributes to the switch-like na-
ture of the process of EMT, and could be one of the rea-
sons for the extraordinarily tight connection between
miR-200 and the E-cadherin/Vimentin ratio observed in
the NCIG60 cell lines.

Based on our data, we propose the following model for
the function of the miR-200 family in EMT and cancer
progression (Fig. 6E): In epithelial cancer cells and well-
differentiated cancers, miR-200 is highly expressed, con-
trolling the expression of ZEB1 and ZEB2. Other mecha-
nisms cause induction of E-cadherin expression and
suppression of Vimentin expression. In contrast, when
miR-200 expression is down-regulated (either in mesen-
chymal cancer cells or in tissues undergoing EMT), ZEB1
and ZEB2 proteins are expressed. Both ZEB1 and ZEB2
are strong suppressors of E-cadherin expression. At the
same time, ZEB2 has been shown to directly activate the
Vimentin promoter by an unknown mechanism (Bindels
et al. 2006), causing Vimentin to be expressed. Our data
identified miR-200 as a powerful master regulator of
EMT in cancer cells, and suggest that introducing miR-
200 into cancer cells could be a novel way of reversing
tumor progression.

Materials and methods

Western blot analysis and quantification of protein
expression in the NCI60 cells

For the analysis of protein expression in the NCI60 cell lines,
frozen cell pellets of 107 cells were obtained from Dr. Susan
Holbeck (National Cancer Institute) and lysed directly in RIPA
buffer. Twenty-five micrograms of cell lysates were analyzed on
12% SDS-PAGE as described recently (Shell et al. 2007). Quan-
tification of protein bands on Western blots was performed us-
ing ScanAnalysis (Biosoft). The antibodies used were E-Cad-
herin (610182, Pharmingen), Vimentin (550513, Pharmigen), B-
actin (A-5441, Sigma), anti-mouse HRP (sc-2005, Santa Cruz
Biotechnology), and anti-rabbit HRP (4030-05, Southern Bio-
technology). To determine the ratio of E-cadherin to Vimentin
expression in the NCI60 cells, band intensities were normalized
to that of the mean band intensity of actin (run twice on two
separate gels). For both E-cadherin and Vimentin, the band with
the highest expression was set to 100%, and for each cell line
the ratio of E-cadherin to Vimentin band intensity was deter-
mined. To identify epithelial and mesenchymal cells among the
NCI60 cell lines, cells were sorted according to their E-cad-
herin/Vimentin ratio.

Identification of miRNAs expressed in epithelial cells

The data set including expression levels of 207 individual
miRNA determined by real-time PCR was described recently
(Gaur et al. 2007). The expression of each miRNA was normal-
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ized to the mean of all other miRNAs in the data set. Fold
change was calculated, and a two-tailed t-test with unequal
variance was conducted to test for differences in the expression
between the 11 epithelial and the 37 mesenchymal cell lines.
MiRNAs were sorted in ascending order by P-value. A heat map
was generated as described recently (Park et al. 2008).

Correlating protein and mRNA expression with miRNA
expression in the NCI60 cell lines

The expression levels of miR-200a, miR-200b, miR-200c¢, and
miR-141 were plotted against the expression levels of E-cad-
herin protein, Vimentin protein, the ratio of E-cadherin protein
to Vimentin protein, E-cadherin mRNA (gene array analysis
GC34162 at the developmental therapeutics program of the
NCL http://dtp.nci.nih.gov), Vimentin mRNA (GC37090),
ZEB1 mRNA (GC156730), or ZEB2 mRNA (GC38696). All
analyses were normalized by setting the value in the cell line
with the highest expression as 100%. In addition, the expression
of TGFB1 mRNA (GC33890) was determined in the epithelial
and mesenchymal NCIG0 cells, and the significance of differ-
ence in expression was determined using the Student’ two-
tailed t-test.

Cell culture and transfections

A549, ACHN, MDA-MB-231, IGROV-1, HCT116, KM12, and
293T cells were maintained in RPMI 1640 (Cellgro), supple-
mented with 10% fetal bovine serum (FBS) (Sigma-Aldrich), 100
U/mL penicillin, 100 pg/mL streptomycin, and 2 mM L-gluta-
mine. Cells were grown at a humidified atmosphere of 5% CO,
at 37°C. Transfections of miRNAs were carried out with si-
PORT NeoFX transfection reagent (Ambion) according to the
manufacturer’s instructions. Cells with low miR-200 expres-
sion such as A549, ACHN, and MDA-MB-231 were transfected
with either pre-miR-200a or pre-miR-200c (Ambion) or a mix-
ture of both at a final concentration of 5 nM or 50 nM, or an
equivalent amount of negative control #2 precursor miRNA
(Ambion), whereas a cell line with high miR-200, HCT116, was
transfected with either 50 nM LNA-let-7 (Boyerinas et al. 2008)
or LNA-miR-200 or control mercury knockdown LNA (Exiqon).
In all cases, cells were either transfected once and tested after 1
d (D1) or 3 d (D3) or transfected repeatedly every 3 d for the
indicated times (D6, D15, D18, or D22). LNA-miR-200 is a chi-
meric LNA/DNA oligonucleotide designed to hybridize with all
mir-200 family members. The sequence is 5'-CCATCATTAC
CCGGCTGTATTA-3’ (Proligo), where the underlined nucleo-
tides indicate LNA bases. The On-target siRNA SMART pools
against ZEB1 and ZEB2 were purchased from Dharmacon RNA
Technology. Cells were transfected with 25 nM siRNA using
Lipofectamine 2000 (Invitrogen).

Luciferase assays

For luciferase assays, 0.75 x 10° cells were seeded in 12-well
plates 1 d prior to transfection. IGROV-1, HCT116, or KM12
cells were transfected with 100 ng of pGL3 containing the
3'UTR of murine ZEB2 (pGL3 S1-5) (Christoffersen et al. 2007)
(kindly provided by Dr. Anders Lund, Biotech Research and
Innovation Center, Copenhagen, Denmark), together with
50 ng of pRL-SV40 (Promega) using Lipofectamine 2000 (Invit-
rogen). Seventy-two hours later, luciferase activity was
measured according to the manufacturer’s instructions (Pro-
mega). All experiments were performed in triplicate and nor-
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malized to Renilla luciferase activity. For quantitative real-time
PCR, HCT116 cells were seeded 10° per well of a six-well
plate 1 d before transfection. Cells were transfected with 100 ng
of pGL3 containing the 3'UTR of murine ZEB2, 50 ng of pRL-
SV40, and either scrambled or LNA-miR-200. After 72 h, total
RNA was extracted from cells using the Trizol reagent
(Invitrogen Life Technologies). To test the effects of mutated
miR-200b/c/429 targeting sites in the 3'UTRs of ZEBl and
ZEB2, Renilla luciferase fusion constructs carrying either the
entire ZEB1 or ZEB2 3'UTR and corresponding mutants (1 ng
each) with all miR-200b/c/429 sites mutated as described
(Gregory et al. 2008) were transfected into 293T cells together
with 200 ng of pGL3 firefly luciferase plasmid and 0.4 nM
scrambled or miR-200c. Normalized luciferase activity was de-
termined 48 h after transfection as described previously (Shell et
al. 2007).

Immunohistochemistry

Cells grown in chambered slides (Lab-Tek, Nalgen Nunc Inter-
national) were washed twice with cold PBS and fixed with ice-
cold methanol/acetone (1:1) for 4 min at -20°C. Slides were
air-dried and rehydrated with PBS for 5 min. After blocking with
2% BSA/PBS for 1 h at room temperature, cells were incubated
with anti-E-Cadherin (Pharmingen) overnight at 4°C. Cells were
washed with PBS three times and incubated with Alexa 594-
conjugated goat anti-mouse antibody (1:200; Molecular Probes)
for 1 h at room temperature. Cells were washed three times and
mounted with Prolong Gold anti-fade reagent with DAPI (Invit-
rogen).

In vitro motility assay

In vitro motility assay was performed as described previously
(Barnhart et al. 2004). In short, Transwell insert chambers with
8-um porous membrane (Costar) were used for the assay. Cells
were washed three times with PBS and 50,000 cells were added
to the top chamber in serum-free media. The bottom chamber
was filled with media containing 10% FBS. Cells were incu-
bated for 22 h at 37°C in a 5% CO, humidified incubator. To
quantify migrating cells, cells on the top chamber were removed
by using a cotton-tipped swab, and the migrated cells were fixed
in methanol and stained with Giemsa stain. Five random fields
were counted.

Quantitative real-time PCR

Total RNA was DNase I-digested. cDNA was generated from 2
ug of total RNA using the High-Capacity cDNA Reverse Tran-
scription Kit (Applied Biosystems). mRNA expression levels
were measured by using the TagMan Gene Expression Assay kit
(Applied Biosystems) containing specific primers and TagMan
MGB probe for each gene (E-cadherin, Vimentin, ZEB1, ZEB2,
and GAPDH) on a 7500 quantitative Real-time PCR Machine
and SDS software (Applied Biosystems). The relative amount of
gene transcripts was normalized to GAPDH. For Renilla and
firefly luciferase genes, the primers were used as described else-
where (Christoffersen et al. 2007); the TagMan MGB probe was
designed using the Firebuilder software (Applied Biosystems).
For miRNA real-time PCR, miRNA and Ué6-specific cDNA was
generated from 20 ng of RNA extracted from formalin-fixed
paraffin-embedded tissue (FFPET) as described recently (Shell et
al. 2007) or total RNA using the TagMan MicroRNA Reverse
Transcription Kit with RNA-specific RT primer from the Taq-
Man MicroRNA Assay (Applied Biosystems). miRNA levels
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were measured by using the miRNA-specific TagMan MGB
probe provided in the MicroRNA Assays and performed in trip-
licate on the 7500 quantitative Real-time PCR Machine, and
standard errors were determined. miRNA levels were normal-
ized to U6 using the manufacturer’s software (Applied Biosys-
tems).

Ovarian cancer specimens

Tissue blocks from a total of 36 patients with FIGO stage III-IV
advanced ovarian cancer who had undergone tumor debulking
by a gynecologic oncologist at the Section of Gynecologic On-
cology, University of Chicago, between 1994 and 2004 were
used for the study after institutional review board approval was
obtained, and clinicopathologic parameters were collected as
described (Sawada et al. 2007). The paraffin plugs were enriched
for tumor tissue using two different methods. Method 1 in-
volved enrichment of tumors from 22 patients according to
highest staining for HMGAZ2 as reported previously (Shell et al.
2007). Method 2 involved enrichment of tumors from 21 pa-
tients (seven patients overlap with the samples isolated using
method 1) by microscope control using H&E-stained sections of
the same sample as guidance. RNA was extracted from FFPET.
E-cadherin and Vimentin staining intensities were available
from a previous study (Shell et al. 2007).

Statistical analysis

Two sample t-tests for differences in mean miRNA expression
between epithelial and mesenchymal cell types were con-
ducted. Pearson’s correlation coefficients were calculated for
protein or mRNA expression and miR-200 expression in the
NCIG60 cell lines. Nonparametric rank tests to give an estimate
for R were performed. For miR-200 expression of ovarian cancer
samples, low and high E-cadherin-expressing groups were de-
fined by dichotomizing at the median intensity. Significance in
expression between groups was determined by performing a
two-tailed t-test.

Gene chip analysis

MDA-MB-231 cells were transfected with 50 nM scrambled,
pre-miR-200a, or pre-miR-200c, and after 24 h, total RNA was
extracted using Trizol reagent. The RNA was further purified
using the RNeasy mini kit (Qiagen) according to the manufac-
turer’s protocol. The gene chip analysis was performed as de-
scribed recently (Park et al. 2008) using the U133 chip from
Affymetrix.
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Erratum

Genes & Development 22: 894-907 (2008)
The miR-200 family determines the epithelial phenotype of cancer cells by targeting the E-cadherin repressors
Sun-Mi Park, Arti B. Gaur, Ernst Lengyel, and Marcus E. Peter

In the above-mentioned paper, on page 904 in the Materials and Methods section, there is an error in the
oligonucleotide sequence contained in the following sentence:

The sequence is 5'-CCATCATTACCCGGCTGTATTA-3' (Proligo), where the underlined nucleotides indicate LNA
bases.

The sequence should instead read:
5'-CCATCATTACCCGGCAGTATTA-3’

We apologize for the error.
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