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Background: Epithelial-mesenchymal transition (EMT) is a key process in embryonic development and cancer metastasis.
Results: Sp1 activates miR-200 transcription in epithelial cells and prevents EMT.

Conclusion: miR-200 family members require Sp1 to drive basal expression and maintain an epithelial state.

Significance: Defining the mechanisms controlling the epithelial state has implications for understanding early differentiation

and for designing interventions to prevent cancer metastasis.

Epithelial-mesenchymal transition (EMT) is required for the
specification of tissues during embryonic development and is
recapitulated during the metastatic progression of tumors. The
miR-200 family plays a critical role in enforcing the epithelial
state with their expression lost in cells undergoing EMT. EMT
can be mediated by activation of the ZEB1 and ZEB2 (ZEB) tran-
scription factors, which repress miR-200 expression via a self-
reinforcing double negative feedback loop to promote the mes-
enchymal state. However, it remains unclear what factors drive
and maintain epithelial-specific expression of miR-200 in the
absence of EMT-inducing factors. Here, we show that the tran-
scription factor Specificity Protein 1 (Spl) binds to the miR-
200b~200a~429 proximal promoter and activates miR-200
expression in epithelial cells. In mesenchymal cells, Sp1 expres-
sion is maintained, but its ability to activate the miR-200 pro-
moter is perturbed by ZEB-mediated repression. Reduction of
Sp1l expression caused changes in EMT-associated markers in
epithelial cells. Furthermore, we observed co-expression of Sp1
and miR-200 during mouse embryonic development wherein
miR-200 expression was only lost in regions with high ZEB
expression. Together, these findings indicate that miR-200 fam-
ily members require Sp1 to drive basal expression and to main-
tain an epithelial state.

Epithelial cells represent a mature stage of cellular differen-
tiation; in the adult, the vast majority of epithelial cells remain
epithelial until they die. Yet epithelial cells can retain the option
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of a change in differentiation state, which can be activated in the
adult during wound healing or during the malignant progres-
sion of epithelial cell-derived cancers (carcinomas) (1). This
change of differentiation state, known as epithelial-mesenchy-
mal transition (EMT),* has an important role during embryo-
logical development, where it enables cell migrations and tissue
remodeling, and establishes various cellular lineages in the
developing tissues and organs (2). The EMT process is reversi-
ble both in embryos and in cancer, and cells cultured in vitro
can be switched between epithelial and mesenchymal states by
manipulations of EMT-regulating microRNAs and/or tran-
scription factors (3). Reversible EMT-like changes also occur
during ES cell differentiation (4) and iPS cell establishment
(5-7), and may also be important in allowing the establishment
of cancer metastases (8). Thus the molecular controls that
determine whether cells reside in the epithelial or mesenchy-
mal state are of great interest.

Several transcription factors are able to prompt epithelial
cells to undergo EMT, including ZEB1, ZEB2, Snail, Slug, and
Twist (9 —14). Interestingly, most of these factors are repressors
and are reported to bind the same DNA motif, CACCTG,
sometimes referred to as the E-box or Z-box (although the term
E-box is also used to refer to the less specific motif CANNTG,
which also binds a variety of other factors) (15). Key genes
affected by the EMT-promoting factors include E-cadherin
(9-11, 16, 17) and the two loci encoding the miR-200 family
members (18 -21).

The members of the miR-200 family of microRNAs are
expressed in epithelial cells and prevent EMT by targeting
ZEB1 and ZEB2 (18 -21). ZEB1 and ZEB2 reciprocally repress
the miR-200 genes (21, 22), creating a double negative feedback
loop that provides to some extent a gene logic circuit that is
capable of switching between either of two stable but inter-

“The abbreviations used are: EMT, epithelial-mesenchymal transition; MET,
mesenchymal-epithelial transition; ES, embryonic stem; iPS, induced plu-
ripotent stem; ZEB, zinc finger E-box-binding protein; Sp1, specificity pro-
tein 1; TSS, transcription start site.
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changeable states (epithelial and mesenchymal) (3, 23). While it
is clear that factors such as ZEB1 can repress miR-200 gene
expression, allowing the mesenchymal gene expression pro-
gram to be established, we were interested to know what drives
miR-200 expression in epithelial cells. Because miR-200
expression is highly specific to epithelial cells, it is possible that
one or more epithelial-specific activators may be important in
driving this expression. However, our investigations reported
here indicate that expression of the miR-200b~200a~429 gene
is driven primarily by a ubiquitous activating transcription fac-
tor, Sp1, that is expressed in nearly all cells and tissues (24). This
finding is consistent with the proposition that the epithelial
state is a default state (25, 26), while the mesenchymal state
requires active intervention by inducible regulators. Such a sit-
uation has ramifications for understanding the mechanisms
controlling early differentiation and for designing interventions
to prevent cancer metastasis.

EXPERIMENTAL PROCEDURES

Cell Culture and Generation of Stable Cell Lines—All cell
lines were cultured in DMEM (Invitrogen) supplemented with
10% fetal bovine serum (FBS). The MDCK-Pez and MDCK-
vector stable cell lines were generated as previously described
(27).

Extraction of RNA and PCR Analysis—Total RNA was
extracted using Trizol (Invitrogen) according to the manufac-
turer’s instructions. Messenger RNA and microRNA analysis
was carried out as previously described with normalization to
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and U6
snRNA levels, respectively (18). The primers used for mRNA
qPCR are listed in supplemental Table S1.

Generation of miR-200b~200a~429 Promoter Constructs—
The miR-200b~200a~429 —321/+19 promoter construct was
generated as previously described (22). Mutations to the AP-2
and Spl binding sites were made in this construct using the
QuikChange multi-site-directed mutagenesis kit (Stratagene).
A —399/+31 E-cadherin promoter fragment (28) was PCR
amplified from MCF-7 genomic DNA and cloned into the Nhel
and BglII sites of pGL3 basic. The primers for mutagenesis and
cloning are shown in supplemental Table S2.

Transfection and Reporter Assays—For reporter assays, 6 X
10* cells were plated in 24-well plates and co-transfected with
200 ng of miR-200b~200a~429 promoter firefly luciferase
reporter plasmids, 100 ng of pRL-TK Renilla plasmid (Pro-
mega) and in some cases 100 ng of expression vectors
(pcDNA3.1, Sp1, or AP-2a) using Lipofectamine 2000 (Invitro-
gen). After 48 h of incubation, cells were lysed in Passive Lysis
Buffer (Promega), and luciferase activity was measured with the
Dual-Luciferase Reporter Assay System (Promega) using the
GloMax Multi Detection System Luminometer (Promega). All
reporter assays are shown as relative luciferase activities (aver-
aged ratios of firefly luciferase/Renilla + S.E.) and combined
from at least three separate experiments. The pcDNA3.1-Sp1
expression vector was kindly supplied by Maciej Pietrzak of the
Polish Academy of Sciences. The pCMX-AP-2a was donated
by Nicholas Saunders of Diamantina Institute, University of
Queensland, Australia. For siRNA experiments, cells were
transfected in suspension with 20 nMm control, Spl (Stealth
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siRNAs, Invitrogen), ZEB1, and ZEB2 (22) siRNAs using Lipo-
fectamine RNAIMAX (Invitrogen). Cells were harvested 72 h
later for downstream processing or retransfected when pro-
longed knockdown of these factors was required.

Chromatin Immunoprecipitation—ChIP assays were con-
ducted with 1 X 10° MCF-7 cells per reaction cross-linked with
1% formaldehyde as previously described (29). Cells were lysed
for 10 min, diluted, and sonicated on ice water (30 s on and off
intervals for 18 min) on the Diagenode Bioruptor sonicator.
Immunoprecipitations were performed overnight with 1 ug of
Spl (Santa Cruz sc-H225) or ZEB1 (Santa Crux E20X), and
captured for 2 h with protein A and protein G beads (Invitro-
gen, Dynal magnetic beads). Bead and immune complexes were
washed of nonspecific binding three times with RIPA buffer
and then twice in TE buffer before elution for 2 h at 68 °C with
vortexing (Eppendorf Thermomixer). Supernatants were col-
lected, and DNA collected using phenol-chloroform extrac-
tion. Real-time PCR of miR-200b~200a~429 and E-cadherin
promoter regions were performed using primers listed in sup-
plemental Table S3.

Immunofluorescent Staining for E-cadherin and SpIl—MDCK
and MCF10A cells were transfected with siRNA as described
above, plated onto fibronectin-coated chamber slides (BD Bio-
sciences), and stained for E-cadherin and Spl as previously
described (18). Nuclei were observed by co-staining with 4'6,6-
diamidino-2-phenylindole (DAPI). Cells were visualized on an
Olympus IX81 microscope, and pictures were taken using a
Hamamatsu Orca camera. Images were analyzed with Xcellence
software (Olympus).

In Situ hybridization—E13.5 embryos were fixed in 4% form-
aldehyde for 24 h and then were embedded in paraffin. Sagittal
sections (4 wm) were placed on polysine glass slides for analysis.
For in situ hybridization, sections were de-waxed by washing in
xylene for 15 min, rehydrated through graded series of ethanol
solution for 5 min, each and rinsed in phosphate-buffered
saline with 0.1% Tween-20 (PBS-T) twice for 5 min. Tissues
were permeabilized by treatment with proteinase K at 6.7
pg/ml in buffer (50 mm Tris, pH 7.5, 5 mm EDTA) for 5 min.
The reaction was stopped by incubating sections in 4% formal-
dehyde for 15 min and rinsed in PBS 3X for 5 min. Sections
were pre-washed in 1-methylimidazole buffer and fixed with
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide as described
previously (30). Sections were acetylated to reduce background
staining by incubating for 10 min in 0.25% acetic anhydride in
0.1 M triethanolamine and rinsed 3X for 5 min in PBS. Sections
were air-dried after dehydration by washing in increasing eth-
anol gradient for 5 min each. Probes (Exiqon, double-DIG-la-
beled LNA probes for miR-200b, scrambled control, and
snRNA-U6 at 2 ul/slide) were denatured at 90 °C before dilu-
tion in 23 pl of hybridization buffer (Roche) and applied to the
slide. Sections were covered with glass coverslips, sealed with
rubber cement, and incubated overnight at 53 °C to allow
hybridization of probe to internal microRNA. Coverslips were
removed, and slides were washed in 5X saline-sodium citrate
buffer (SSC, pH 7.0) for 5 min, twice 5 min in 1 X SSC, and twice
5 min in 0.2X SSC all at 53 °C. Sections were rinsed in PBS,
washed with levamisole buffer (0.24 mg/ml levamisole, 0.1 M
Tris, pH 7.5, 0.15 m NaCl) and blocked (1/5th fetal calf serum,
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FIGURE 1. The miR-200b~200a~429 minimal promoter and its activity in epithelial and mesenchymal cell lines. A, nucleotide sequence of the —321/
+19 minimal proximal miR-200b~200a~429 promoter with predicted Sp1 and AP-2 transcription factor binding sites relative to the transcription start site
(TSS) are indicated. The putative binding sites for Sp1, AP-2, and ZEB sites are underlined and are numbered in order of occurrence from the 5’-end. B, expression
of the miR-200b~200a~429 primary transcript (Pri-200ba429), ZEB1, Sp1, and AP-2« in various epithelial and mesenchymal cell lines. C, activity of the
—321/+19 miR-200b wild type and ZEB binding site mutant promoters in epithelial and mesenchymal cells. Data are expressed as relative luciferase activity =
S.E. from three independent experiments relative to the activity of the promoter-less reporter set to a value of 1.

1/5th 10% Roche blocking powder in maleate buffer, 3/5th
maleate buffer) for 1 h at room temperature. Alkaline phospha-
tase-conjugated anti-DIG was applied to sections at 1:1000
dilution for 4 h at room temperature. Sections were then rinsed
in PBST and color developed in buffer (0.1 m Tris, pH 9.5, 0.1 M
NacCl, 0.05 m, MgCl,, 0.24 mg/ml levamisole, 1% Tween-20, 20
ul NBT/BCIP (Roche)) until complete. Reactions were stopped
by washing in TE pH 8.0 and sections dried, dipped in xylene,
and mounted in xylene-based mounting medium. Images
were captured on the Hamamatsu Nanozoomer.
Immunohistochemistry—Embryos were fixed, and sections
cut as described above. Sections were de-waxed by washing in
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xylene 3X for 5 min and rehydrated by washing in 100% ethanol
twice for 10 min, 95% ethanol twice for 10 min, MQ-H,O twice
for 5 min, and PBS for 5 min. For antigen unmasking, slides
were boiled in 10 mMm sodium citrate buffer (pH 6.0) for 10 min
and cooled for 20 min. Once cooled, sections were washed 3X
in water for 5 min, bleached in 1% hydrogen peroxide for 10
min, and rinsed 3 X in water for 5 min. Sections were blocked in
10% horse serum at room temperature before antibodies were
applied (1:400 ZEB1 (31), Sp1 1:200 (sc-H225X; Santa Cruz)).
Slides were rinsed in PBS before secondary antibody was
applied (1:500 biotin a-rabbit). The ABC and DAB kits (Vector
Laboratories) were used to visualize ZEB1 and Spl expres-
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FIGURE 2. Sp1, but not AP-2q, activates the miR-200 promoter. Wild type and AP-2 site mutant —321/+19 miR-200b promoter or 399/+31 E-cadherin
promoter reporters were co-transfected with control or AP-2a expression vectors (A) or Sp1 expression vector (B) into epithelial MDCK and mesenchymal
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reporter. Statistical significance (**, p < 0.01; ***, p < 0.001) was determined relative to indicated controls transfection using unpaired two-tailed Student’s t

test.

sion. Sections were counterstained for 3 min in 1% methyl
green, rinsed twice in water, dehydrated, and mounted in
xylene-based mounting medium. Images were captured on
the Hamamatsu Nanozoomer.

RESULTS

Spl, but Not AP-2q«, Activates the miR-200b~200a~429
Proximal Promoter—The expression of the miR-200 family is
epithelial specific with the miR-200b~200a~429 cluster regu-
lated by a promoter region located ~4 kb upstream of the
sequence encoding miR-200b (22). Using reporter gene assays,
we have previously identified a —321/+19 bp segment of the
miR-200b promoter (hereafter called miR-200b promoter) that
is sufficient to drive strong epithelial-specific expression (Fig. 1,
A and Cand Ref. 22). This specificity of expression appears to be
largely governed by the presence of repressive binding sites for
the ZEB transcription factors, which when mutated allow
expression of the miR-200b promoter in mesenchymal cells to
near epithelial levels (Fig. 1C and Ref. 22). These data suggest
that the miR-200b promoter may be positively regulated by
factors present in both epithelial and mesenchymal cells, but
whose activity is perturbed by ZEB binding in mesenchymal
cells.

To identify factors likely to be involved in transcriptional
activation of the miR-200b promoter, we searched for potential
transcription factor binding sites using the TRANSFAC data-
base (32). This analysis indicated the presence of several Acti-
vator Protein 2 alpha (AP-2«) and Specificity Protein 1 (Sp1)
binding sites within the proximal promoter (Fig. 14). Examina-
tion of Sp1 and AP-2a levels in a panel of breast cancer cell lines
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and in an MDCK EMT model system (27), showed they were
expressed at broadly similar levels in epithelial and mesenchy-
mal cells, in contrast to the reciprocal cell type-specific expres-
sion of the miR-200b primary transcript and ZEB1 in these cell
types (Fig. 1B).

We initially selected AP-2« as a candidate factor for further
investigation, as AP-2a has been reported in several contexts to
activate expression of another epithelial-specific gene, E-cad-
herin (33-36). To determine whether AP-2« could activate the
miR-200b promoter, we co-transfected the miR-200b pro-
moter luciferase reporter along with an AP-2« expression vec-
torinto either epithelial canine MDCK cells or its mesenchymal
derivative, MDCK-Pez cells (described in Ref. 27). As shown in
Fig. 2A, although ectopic expression of AP-2a activated the
E-cadherin promoter, it was unable to activate the miR-200b
promoter in either cell type. To rule out the possibility that
AP-2« activity may already be maximal in these cells and not
further enhanced by exogenous AP-2a, we mutated each of the
three predicted AP-2a binding sites in the miR-200b promoter.
Mutation of these sites had no effect on promoter activity indi-
cating that AP-2a was not responsible for activity of the miR-
200b gene (Fig. 24).

In contrast to AP-2q, ectopic expression of Sp1 significantly
increased miR-200b promoter and E-cadherin activity in epi-
thelial and mesenchymal cells (Fig. 2B). To verify this was a
direct effect on the miR-200b promoter we mutated the pre-
dicted Sp1 binding sites and examined the effect on activity of
the promoter in epithelial MDCK and MCE-7 cells. Mutation
of each site reduced promoter activity (Fig. 34), while mutation
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significance (*, p < 0.05; **, p < 0.01; ***, p < 0.001) was determined relative to indicated controls using unpaired two-tailed Student's t test.

of all four sites produced the strongest reduction in activity,
suggesting the sites act additively in activating expression.
These results are consistent with the progressive loss of activity
previously observed with successively truncated forms of the
promoter (22).

We next assessed whether Sp1 in mesenchymal cells can acti-
vate the miR-200b promoter if binding of repressive factors,
such as ZEB (ZEB1 or ZEB2), are prevented by mutation of the
ZEB binding sites. We found that activity of the promoter
lacking ZEB binding sites in mesenchymal MDCK-Pez and
MDA-MB-231 cells was dependent on the Sp1 binding sites in
the same way as it was in epithelial cells (Fig. 3B). These data
demonstrate that Sp1 is able to drive expression of the miR-
200b promoter in both epithelial and mesenchymal cells, and
suggest that Sp1 activity on the miR-200b promoter in mesen-
chymal cells is disrupted by ZEB-mediated repression through
the ZEB binding sites.

Spl and ZEBI1 Binding to the miR-200b Promoter May Be
Mutually Exclusive—To examine the binding of endogenous
Spl to the miR-200b promoter, we performed ChIP PCR
analysis on multiple regions spanning ~4 kb of the miR-
200b~200a~429 locus. In epithelial MCEF-7 cells, a peak of Sp1
binding was observed coincident with the location of the —321/
+19 miR-200b proximal promoter, confirming endogenous
Sp1 specifically binds to this region (Fig. 4A4). In contrast, there
was no enrichment of Sp1 binding within this region in mesen-
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chymal MDA-MB-231 cells (Fig. 4A4) despite the expression of
Splin these cells (Fig. 1B). These results suggest that binding of
Sp1 with the miR-200b promoter in mesenchymal cells may be
prevented by ZEB1 binding to the nearby E-box sites. To exam-
ine this, we performed ChIP-PCR for ZEB1 over the same
regions and found that ZEB1 specifically interacted within the
—321/+19 miR-200b proximal promoter in MDA-MB-231
cells, but not in MCF-7 cells (Fig. 44). Together, these data
suggest that the binding of ZEB1 to the miR-200b promoter
prevents binding of Sp1l. Interestingly, this pattern of Spl and
ZEB1 binding was also observed at the E-cadherin proximal
promoter (Fig. 4B), suggesting an interplay between these fac-
tors in controlling epithelial gene expression may be more
widespread.

Reduction in Sp1 Levels Decreases miR-200 Levels and Causes
Changes in EMT Marker Expression—Having shown that Sp1
binds to the miR-200b promoter, we next wanted to confirm
whether endogenous Sp1 activates miR-200b promoter activity
and expression in epithelial cells. To do this, we first co-trans-
fected an Sp1 siRNA along with the wild type and Sp1 mutant
miR-200b promoter reporter constructs into MCEF-7 cells.
Knockdown of Sp1 significantly reduced promoter activity of
the wild type but not the Spl mutant construct (Fig. 54), indi-
cating Sp1 may be required for the basal expression of the miR-
200b~200a~429 gene. As miR-200 is a critical enforcer of the
epithelial phenotype, we reasoned that loss of Sp1 may trigger a
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reduction in miR-200 levels and induction of EMT. To test this
hypothesis, we utilized two epithelial cell lines (MCF10A and
MDCK), which are sensitive to undergoing EMT. Knockdown
of Spl in either cell line by ~40% resulted in a reduction of
miR-200b expression and up-regulation of the mesenchymal
markers ZEB1 and/or ZEB2 (Fig. 5, B and C). Although we did
not observe a change in E-cadherin mRNA in the total popula-
tion of cells, we found by immunofluorescence microscopy that
cells with reduced Sp1 levels also exhibited loss or internaliza-
tion of junctional E-cadherin (Fig. 5D). These data indicate that
reduction in Spl levels leads to down-regulation of miR-200
and changes in EMT marker expression.

Spl Activates miR-200b Expression in the Absence of ZEB
Binding in Mesenchymal Cells—The above reporter experi-
ments suggest Sp1 can activate the miR-200b promoter in mes-
enchymal cells when ZEB binding is abrogated by ZEB site
mutation. To confirm that endogenous Sp1 can drive expres-
sion of miR-200b in mesenchymal cells, we knocked down Sp1
concurrently with ZEB and examined their effect on miR-200
expression. Treatment of either MDA-MB-231 cells or TGE-f3-
induced MDCK cells (MDCK-TGF) (3) with ZEB siRNAs
caused a significant increase in miR-200b levels as expected

APRIL 18,2014 +VOLUME 289+-NUMBER 16

(Fig. 6, A and B). This de-repression and induction of miR-200b
was markedly reduced after co-transfection with an Sp1 siRNA.
These data indicate that Sp1 is a basal activator of miR-200
expression in both epithelial and mesenchymal cells, but whose
activity is perturbed by the presence of the ZEB transcriptional
repressors in mesenchymal cells.

miR-200b and Sp1 Are Co-expressed and Inversely Correlated
with ZEBI during Mouse Embryonic Development—miR-200
and its homolog, miR-8, have been shown to facilitate many
developmental processes including eye formation and adipo-
genesis (37), body size in Drosophila (38), olfactory biogenesis
in rats and zebrafish (39), osmoregulation in zebrafish (40), and
eye and cranial cartilage development in Xenopus (41). To
determine the relationship between miR-200, Sp1, and Zebl
during mouse embryonic development we surveyed their
expression in various embryonic tissues at E13.5 using sagittal
formalin-fixed paraffin embedded (FFPE) sections by in situ
hybridization for miR-200b and immunohistochemistry for
Spl and Zebl. As expected from reports indicating epithelial-
specific expression of miR-200, miR-200b was expressed in epi-
thelial tissues of the stomach, duodenum, kidney, olfactory epi-
thelium, cochlea, lungs, and skin (Fig. 7). In these organs, we
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FIGURE 6. Sp1 activates miR-200b expression in the absence of ZEB binding in mesenchymal cells. Quantitative-PCR analysis of markers following
transfection of MDCK-TGF (A) and MDA-MB-231 (B) cells with control, ZEB, or Sp1 siRNAs for 9 days. Data are expressed as the mean relative to control siRNA =
S.E. from three (MDCK-TGF) or six (MDA-MB-231) independent experiments. Statistical significance (**, p < 0.01; ***, p < 0.001) was determined relative to

indicated controls transfection using unpaired two-tailed Student’s t test.

observed a clear co-expression of miR-200b with Sp1. Although
Splis considered a ubiquitous protein, we found that it was not
expressed in all tissues, and an example being the forebrain,
which shows negative staining for Sp1, as well as miR-200b.
Consistent with previous studies (18 —21), Zeb1 and miR-200b
expression was found to be mutually exclusive in the embryonic
tissues surveyed (Fig. 7). Together, these data are supportive of
our in vitro findings demonstrating that miR-200 requires Sp1
to drive basal gene expression.

DISCUSSION

The ability of cells to transition between epithelial and mes-
enchymal states underlies developmental processes, pluripo-
tency, and tumor progression and is tightly regulated by
numerous signaling pathways and downstream effectors. In
recent years, the miR-200 family have been proven to be pow-
erful enforcers of the epithelial state. While various signaling
pathways and mesenchymal transcription factors are known to
repress miR-200 expression during EMT, it remains unclear

what factors drive its expression in epithelial cells and whether
they contribute to reversal of EMT (or MET). By analysis of the
epithelial-specific miR-200b~200a~429 promoter (22), we
identified Sp1 as an essential activator of miR-200 expression.
We find Spl induces miR-200 expression through multiple
sites while reduction of its expression can result in a reduction
in epithelial and gain in mesenchymal properties.

These findings present intriguing implications for our
understanding of how epithelial cell plasticity is controlled. It is
well known that autocrine signaling pathways (such as TGF-$
and PDGF) are able to drive EMT and act to maintain cells in a
mesenchymal state (42—44). Mechanistically, one pathway that
contributes to this process is the TGF-B/ZEB/miR-200 signal-
ing network, whereby TGF-f3 stimulates ZEB production to
effect miR-200 loss (3, 21, 23). Upon sustained TGF-f expo-
sure, a self-reinforcing tripartite loop can be initiated between
these factors, which enhance autocrine TGF-f signaling and
maintains cells within a mesenchymal state (3). Significant per-

FIGURE 5. Sp1 maintains miR-200 levels and the epithelial state of MDCK and MCF10A cells. A, activity of the —321/+19 miR-200b promoter reporters in
MCF-7 cells after co-transfection with control or Sp1 siRNA. Data are expressed as relative luciferase activity = S.E.from three independent experiments relative
to the activity of the promoter-less reporter. Statistical significance (***, p < 0.001) was determined relative to indicated controls transfection using unpaired
two-tailed Student’s t test. Quantitative-PCR analysis of miR-200 and EMT markers in MCF10A (B) or MDCK (C) cells following transfection with control or Sp1
siRNAs for 6 or 3 days. Data are expressed as the mean relative to control siRNA + S.E. from three independent experiments. Statistical significance (¥, p < 0.05;
** p < 0.01; *** p < 0.001) was determined relative to indicated controls transfection using unpaired two-tailed Student’s t test. D, immunofluorescence
staining of MDCK or MCF10A cells for E-cadherin (green) or Sp1 (red) after treatment with control or Sp1 siRNAs for 3 days. DAPI staining (blue) was used to
visualize nuclei. A merged image of the three is shown on the right hand panel. Scale bars indicate 10 um.
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with Zeb1 during mouse embryonic development. Paraffin sections of
E13.5 mouse embryos were assayed for miR-200 expression by in situ hybrid-
ization using LNA probes, or Sp1 or Zeb1 expression using immunohisto-
chemistry. Scale bars indicate 100 um. Black arrows indicate positive staining,
and red arrows indicate negative staining regions.

turbations of any one of these factors can cause a break in “mes-
enchymal” signaling with cells reverting to an epithelial pheno-
type (3). These previous studies suggested that perhaps cells
normally reside in an “epithelial default” state (25, 26), which is
stable but able to be altered by factors that initiate mesenchy-
mal signaling. However, the mechanistic evidence for these
observations has not been defined. Our finding here that the
basal transcription factor, Spl, is a primary driver of miR-200
expression fits well with the “epithelial default” model of epi-
thelial plasticity. We show that Sp1l maintains basal miR-200
expression in both epithelial and mesenchymal cells, but in
mesenchymal cells this capacity is likely overruled by competi-
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tion with transcriptional repressors such as ZEB. In addition to
miR-200, Sp1 has previously been shown to be an important
transcriptional activator of E-cadherin (45), with re-expression
of Sp1 increasing E-cadherin levels and suppressing metastasis
in a lung adenocarcinoma model (46). Thus, Sp1 may promote
an epithelial state by activating the expression of several key
epithelial enforcing genes.

Spl has also been shown in some cases to enhance the
expression of mesenchymal factors. For example, Sp1 can sup-
port TGF-B-induced EMT through activation of Snail expres-
sion (47), and can also acts as a cofactor with the TGF- 3 effector
Smad complexes (48). Sp1 can also contribute to the up-regu-
lation of MMP9 and Id-1 genes in mesenchymal cells (49, 50). A
recent analysis of global cis regulatory elements (CREs) during
EMT found Spl1 sites are among a select group of CREs fre-
quently observed in genes that are differentially regulated dur-
ing EMT (51). These findings reflect a complex role for Sp1 in
EMT and suggest that its function may be context dependent
and regulated by its interaction with other cofactors.

Sp1 is widely expressed in almost every cell type in the devel-
oping mouse; however, its expression level varies considerably
across tissues (52). Mice lacking Sp1 expression die at day 11 of
gestation through cell autonomous defects indicating its essen-
tial role in early development (53). We investigated miR-200
expression in relation to Spl and Zebl expression is several
tissues from E13.5 mouse embryos and found Sp1 and miR-200
expression were coincident in all tissues tested, whereas miR-
200 was lost in Zeb1-expressing cells. The inverse correlation of
miR-200 and Zeb1 are consistent with the observations made in
olfactory (39), palate (54), and inner ear (55) tissues as well as at
the invasive front of colorectal cancer (56). Thus, we propose
that Spl maintains basal expression of miR-200 in most cell
types, and the absence of miR-200 is primarily triggered by the
expression of ZEB and/or other repressing factors.

In addition to Sp1, the miR-200 family have been reported to
be positively regulated by the p53/p63/p73 family (57-59). p53
family members have been shown to bind to regions outside of
the minimal epithelial miR-200b~200a-429 promoter and con-
tribute to its activation (58, 59). Similarly, the miR-200c~141
promoter is also activated by p53, with p53 loss causing reduc-
tion of miR-200c expression and EMT (57). We have found that
Spl can also activate the miR-200c~141 promoter; however
this effect may be indirect as binding of endogenous Sp1 has not
been detected in its promoter region. Interestingly, in breast
cancer, p53 reduction or mutation can augment loss of miR-200
levels, but penetrance is often incomplete and is dependent on
activation of other signaling pathways (such as HGF signaling
via MET) for a full EMT (60, 61). This would be in keeping with
the notion that activation of mesenchymal signaling pathways
are needed to sustain repression of miR-200. Sp1 and p53 have
also been reported to interact (62, 63) and may cooperatively
enforce miR-200 expression in epithelial cells. Sp1 also plays
roles in the maintenance of methylation-free CpG islands (53,
64) and may prevent DNA hyper-methylation of the miR-200
promoters, which contributes to their repression during
EMT (3, 65, 66). Furthermore, the expression of the miR-
200b~200a~429 transcript can also be stimulated through an
alternative downstream promoter and an upstream enhancer
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element (67, 68), which may cooperatively bind Sp1 to enhance
the activity of the epithelial-specific miR-200b promoter. Very
recently, an Spl-related family member KLF5 has also been
shown to activate miR-200 expression and maintain epithelial
characteristics of keratinocyte and breast cell lines (69).
Together, these studies suggest that the Sp1/KLF family play
important roles in enforcing miR-200 expression and the epi-
thelial phenotype. Furthermore, these data lend support to the
hypothesis that the epithelial phenotype is maintained as the
default cellular state, and that generation of a mesenchymal
state requires active intervention by inducible regulators. These
findings have implications for our understanding of develop-
mental and pathological scenarios that involve cell plasticity.
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