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Abstract
In an inducible oncogenesis model, the miR-200 family is inhibited during CSC formation but not
transformation, and inhibition of miR-200b increases CSC formation. Interestingly, miR-200b
directly targets Suz12, a subunit of a polycomb repressor complex (PRC2). Loss of miR-200
during CSC formation increases Suz12 expression, Suz12 binding, H3-K27 tri-methylation, and
Polycomb-mediated repression of the E-cadherin gene. MiR-200b expression or Suz12 depletion
blocks the formation and maintenance of mammospheres, and in combination with chemotherapy
suppresses tumor growth and prolongs remission in mouse xenografts. Conversely, ectopic
expression of Suz12 in transformed cells is sufficient to generate CSCs. The miR-200b-Suz12-
cadherin pathway is important for CSC growth and invasive ability in genetically distinct breast
cancer cells, and its transcriptional signature is observed in metastatic breast tumors. The
interaction between miR-200 and Suz12 is highly conserved, suggesting that it represents an
ancient regulatory mechanism to control the growth and function of stem cells.
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INTRODUCTION
The cancer stem cell hypothesis suggests that tumors consist of tumor-forming, self-
renewing, cancer stem cells (CSCs) within a large population of non-tumor-forming cancer
cells (Ailles and Weissman, 2007; Grimshaw et al., 2008; Polyak and Weinberg, 2009).
CSCs resist standard chemotherapy that reduces tumor mass by killing non-stem cells.
During remission, CSCs can regenerate all the cell types in the tumor through their stem
cell-like behavior, resulting in relapse of the disease. In accord with this hypothesis, the
combination of chemotherapy and metformin, an anti-diabetic drug that selectively inhibits
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CSCs, blocks tumor growth and prolongs remission in mouse xenografts (Hirsch et al.,
2009).

As implied by their name, CSCs resemble embryonic stem cells (ESCs) in several respects.
CSCs and ESCs have ability to self-renew, differentiate, and cause tumors when injected in
nude mice. Inflammatory mediators such as STAT3 are up-regulated in CSCs and ESCs
(Bao et al., 2009; Iliopoulos et al., 2009), and let-7 microRNA is down-regulated in CSCs
(Yu et al., 2007; Iliopoulos et al., 2009) and fetal stem cells (Nishino et al., 2008). Lin28, a
repressor of let-7 microRNA, is activated in CSCs (Iliopoulos et al., 2009), and it is
important for the induction of pluripotent stem cells (Hanna et al., 2009). More generally, an
ESC gene expression signature including Oct4, Sox2, Klf4, and Nanog is observed in highly
aggressive human tumors (Ben-Porath et al., 2008). Lastly, as discussed below, miR-200
microRNA and polycomb complexes that mediate transcriptional repression play important
roles in both CSCs and ESCs. These observations suggest that factors contributing to stem
cell renewal during normal development may play similar roles in CSCs and contribute to
subsequent metastasis (Ben-Porath et al., 2008; Gotoh, 2009; Shimono et al., 2009).

Polycomb complexes directly regulate key developmental factors that maintain ESC self-
renewal and pluripotency (Boyer et al., 2006; Lee et al., 2006), and they are commonly up-
regulated in cancer types in a manner associated with the aggressiveness of the tumor
(Squazzo et al., 2006; Xhong et al., 2007; Bracken and Helin, 2009; Hoenerhoff et al.,
2009). Two distinct polycomb complexes, PRC1 and PRC2, are critical to maintain a
repressed gene state that is stable throughout cell generations (Schwartz and Pirrotta, 2007;
Margueron et al., 2009; Simon and Kingston, 2009). PRC2, which includes Suz12 and the
catalytic subunit Ezh2, is responsible for di- and tri-methylation of lysine 27 on histone H3
(Cao et al., 2002; Koyanagi et al., 2005; Boyer et al., 2006) and initiating gene repression.
PRC2 is important in the establishment and maintenance of aberrant silencing of tumor
suppressor genes during cellular transformation (Villa et al., 2007; Herranz et al., 2008), and
upregulation of Suz12 coincides with transformation and cancer (Herranz et al., 2008;
Hussain et al., 2009; Pizzatti et al., 2009). PRC1 recognizes chromatin marked with
methylated H3-K27, and it is believed to be the primary PcG complex that mediates
transcriptional repression. Overexpression of the Bmi1 subunit of PRC1 is often observed in
cancer tissues.

During metastasis, migrating breast CSCs undergo a loss of polarity leading to an epithelial-
mesenchymal transition (EMT) analogous to that occurring in normal development. The
miR-200 microRNA family regulates the EMT and cancer cell invasion and migration
(Bracken et al., 2008; Burk et al., 2008; Gregory et al., 2008; Korpal et al., 2008), and it is
also suppresses expression of stem cell factors in ESCs (Lin et al., 2009; Wellner et al.,
2009). MiR-200 family members are down-regulated in different types of cancer (Adam et
al., 2009; Olson et al., 2009; Bendoraite et al., 2010), and they are specifically down-
regulated in breast CSCs in comparison to non-tumorigenic cancer cells (Shimono et al.,
2009). Lastly, miR-200c strongly inhibits both the ability of normal mammary stem cells to
form mammary ducts and the ability of breast CSCs to form tumors in vivo, indicating that
down-regulation of miR-200c is a molecular link between CSCs and normal stem cells of
the same developmental lineage (Shimono et al., 2009).

miR-200 RNAs regulate the EMT by directly inhibiting expression of Zeb1 and Zeb2, which
are DNA-binding transcriptional repressors of the E-cadherin (Cdh1) gene (Gregory et al.,
2008; Korpal et al., 2008; Park et al., 2008). Loss of miR-200 results in increased Zeb1 and
Zeb2 levels, leading to repression of Cdh1 and the EMT. siRNA-mediated inhibition of
CDH1 expression is sufficient to induce the EMT (Onder et al., 2008). Interestingly, Zeb1
binding to a conserved pair of Zeb-type E-box elements upstream of the promoter inhibits
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the expression of miR-200 family RNAs, thereby generating a negative feedback loop that
controls Cdh1 expression (Bracken et al., 2008; Burk et al., 2008). In cancer cells, Cdh1
repression also depends on the PRC2 complex, which is recruited to the Cdh1 promoter via
the DNA-binding transcriptional repressor Snail (Herranz et al., 2008); it is unknown if this
occurs in CSCs. In breast CSCs, miR-200c modestly reduces expression of the Bmi1, a
subunit of PRC1, through direct targeting of its 3′UTR (Shimono et al., 2009; Wellner et al.,
2009). However, this interaction is not well conserved throughout evolution, and its
significance for Cdh1 expression and the EMT is unclear.

Recently, we described an inducible model of cellular transformation in which a transient
inflammatory signal in a non-transformed breast epithelial cell line causes an epigenetic
switch to the transformed state including the formation of a sub-population of CSCs
(Iliopoulos et al., 2009; Hirsch et al., 2010). Using this experimental model, we identify the
miR-200 microRNA family as a critical regulator for CSC growth and function. We show
that miR-200b strongly inhibits expression of the Suz12 subunit of PRC2 through a direct
and evolutionarily conserved interaction with the 3′UTR. Loss of miR-200 during CSC
formation results in increased Suz12 binding and H3-K27 tri-methylation at the CDH1
promoter and repression of E-cadherin. This pathway is important for tumor formation and
the response to cancer treatment in mouse xenografts, and its transcriptional signature is
observed in metastatic human breast tumors. Thus, miR-200 acts as a tumor suppressor that
blocks CSC formation by inhibiting the PRC2 polycomb complex, and hence preventing the
repression of E-cadherin and other critical target genes.

RESULTS
MiR-200b is Selectively Down-regulated in CSCs, and its Inhibition Results in Enrichment
of CSCs

Treatment of non-transformed breast epithelial cells (MCF-10A) carrying an inducible Src
oncogene (ER-Src) with tamoxifen induces cellular transformation in 24–36 hours (Hirsch et
al., 2009; Iliopoulos et al., 2009; Hirsch et al., 2010). A sub-population of these transformed
cells are cancer stem cells (CSCs), as defined by expression of the CD44 marker,
mammosphere formation, and the ability to cause tumors in nude mice. In a genetic screen
to be described elsewhere, we identified miR-200 family members (miR-200b, miR-200a,
miR-429, miR-200c) as being important for CSC growth.

Interestingly, miR-200 family members are down-regulated in CSCs, but their expression
levels are unchanged during the transition between non-transformed and transformed cells
(Figure 1A). The specific down-regulation in CSCs contrasts with the behavior of let-7
family members, which are strongly down-regulated during the cellular transformation
process and even further down-regulated in CSCs (Iliopoulos et al., 2009), suggesting a
specific role of miR-200 in CSC function. In accord with this suggestion, individual
expression of miR-200 family members blocks growth of CSCs and mammospheres (Figure
1B), but it does not affect the ability of non-transformed cells to become transformed upon
Src induction (Figure 1C). Because of the redundancy between miR-200 family members
and the slightly stronger effect of miR-200b on inhibiting CSC and mammosphere growth,
subsequent experiments have been performed with miR-200b.

Inhibition of miR-200b expression (via antisense RNA) results in enrichment of the CSC
population (Figure 1D. S1A) and increases the efficiency of ER-Src transformed cells to
form mammospheres (Figure 1E). Thus, CSC and mammosphere growth is blocked by
overexpression of miR-200b and improved by inhibiting miR-200b. Taken together with the
specific down-regulation in CSCs in comparison to non-stem cancer cells (NSCCs) in the
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same population, these observations indicate that miR-200b is an important and specific
regulator of CSC formation and growth.

MiR-200b Directly Regulates Suz12 Expression in CSCs
Mir-200 targets the Zeb1 and Zeb2 transcriptional repressors (Gregory et al., 2008; Korpal
et al., 2008; Park et al., 2008) and Bmi1 (Shimono et al., 2009; Wellner et al., 2009), a
component of the PRC1 polycomb complex. MiR-200 also targets Fog2 (Hyun et al., 2009),
a co-factor for GATA transcription factors essential for heart morphogenesis and coronary
vasculature (Tevosian et al., 2000). Based on sequence complementarity and phylogenic
conservation, we identified Suz12, a component of the PRC2 polycomb complex that
methylates H3-K27, as a potential gene target of miR-200b (Figure 2A). Specifically, there
is perfect complementarity between miR-200b seed sequence and Suz12 3′UTR sequence
that is highly conserved among species including fruit flies. In contrast, the complementarity
between the miR-200b seed sequence and Bmi1 3′UTR is imperfect (mismatch in first
nucleotide), and this interaction is not well conserved (not found in rabbit, cat, and cow),
suggesting that Suz12 is the more important target of miR-200b.

Several lines of evidence indicate that miR-200b targets directly Suz12 and Bmi1 mRNA
through binding in their 3′UTRs with the effect on Suz12 being more robust. First, in
comparison to non-transformed cells, NSCCs, CSCs and mammospheres derived from ER-
Src transformed cells show lower levels of miR-200b and higher levels of Suz12 and Bmi1
mRNA expression levels (Figure 2B). Second, upon miR-200b overexpression in CSCs,
Suz12 RNA levels are reduced 6-fold (Figure 2C) and Suz12 protein levels are
correspondingly reduced (Figure 2D). Mir-200b also causes a 1.6-fold reduction in Bmi1
RNAs levels and a 3-fold reduction in Zeb1 and Zeb2 RNA levels in CSCs (Figure 2C).
Third, miR-200b overexpression inhibits the activities of luciferase reporter constructs
containing the Suz12, Bmi1, Zeb1, and Zeb2 3′UTRs, with the effect on Bmi1 being
significantly weaker than on the other target genes (Figure 2E). Importantly, mutation of the
putative target site in the Suz12 3′UTR abolishes repression by miR-200b (Figure 2E),
thereby validating the functional significance of the miR-200-Suz12 interaction.

Suz12 is Important for the Function of Cancer Stem Cells
MiR-200 targets Suz12 and is important for CSC growth, suggesting the importance of
Suz12 in the function of CSCs. In accord with this suggestion, reduction of Suz12
expression by two different siRNAs (5–10-fold; Figure 3A) inhibits CSC growth (Figure
3B), mammosphere formation (Figure 3C), and the proportion of CSCs in the population of
transformed ER-Src cells (Figures 3D, S1B). The effect of Suz12 depletion on the
proportion of CSCs is slightly greater than achieved by simultaneous depletion of Zeb1 and
Zeb2 (individual depletion of the Zeb proteins has only a modest effect). Simultaneous
depletion of Suz12, Zeb1, and Zeb2 reduces the proportion of CSCs below the level of
occurring upon Suz12 depletion alone. Thus, Suz12 and the combination of Zeb1 and Zeb2
make critical and independent contributions to CSC function.

Strikingly, ectopic expression of Suz12 in NSCCs results in CSC formation (Figures 3E,
S1C). In accord with the absence of the 3′UTR in the Suz12 expression construct,
expression of miR-200 does not reduce the level of CSC formation achieved by ectopic
expression of Suz12. The level of ectopically expressed Suz12 RNA in NSCCs is 5-fold
beyond that observed in the parental (non-transfected) cell line (Figure S1D), which is
comparable to that in CSCs. Conversely, inhibition of Suz12 expression suppresses the
effect of antisense-miR-200b in formation of the CSC population and mammospheres
(Figure 3F). The level of Suz12 expression in Suz12-depleted CSCs is comparable to that
observed in NSCCs in the same population, indicating that the phenotypes observed upon
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depletion are physiologically relevant. Taken together, these results strongly argue that
regulation of Suz12 levels by miR-200 is critical for CSC function.

MiR-200b Regulates E-cadherin Expression Through Direct Suz12 Binding and H3-K27 Tri-
methylation

To address how Suz12 affects the process of CSC formation, we analyzed its role in
regulation of the E-cadherin (Cdh1) gene, an important Suz12 target in ES cells (Herranz et
al., 2008). In comparison to NSCCs, CSCs in the same population show strongly increased
Suz12 levels and dramatically reduced Cdh1 levels (Figure 4A). Furthermore, differentiation
of ER-Src CSCs into NSCCs (Figure 4B) results in inhibition of Suz12 and up-regulation of
Cdh1 at both the mRNA (Figure 4C) and protein level (Figure 4D). In addition, miR-200
RNA levels are strongly induced upon differentiation (Figure 4C). Both miR-200 and Suz12
are important for CDH1 expression, because miR-200b overexpression or siRNA inhibition
of Suz12 results in up-regulation of Cdh1 expression levels in CSCs (Figure 4E). The level
of Cdh1 up-regulation upon inhibition of Suz12 is comparable to that observed for the
combined inhibition of both Zeb1 and Zeb2, as expected from their role in CSC formation
(Figure 3D).

Chromatin immunoprecipitation analysis reveals that Suz12 binds strongly (10–14 fold
enrichment) to the CpG island near the CDH1 mRNA initiation site in ER-Src derived
CSCs, but not in NSCCs in the same population (Figure 4F). Importantly, overexpression of
miR-200b strongly reduces Suz12 binding to the Cdh1 CpG island (Figure 4F). As expected
from this regulated Suz12 binding, H3-K27 trimethylation at the Cdh1 region is strongly
enhanced in the CSC population, but not in NSCCs (Figure 4G). This Polycomb-mediated
repression appears to occur in the absence of DNA methylation, because the CDH1 target
site in unmethylated in CSCs (Figures 4H, S2).

Taken together, these observations suggest that direct binding of Suz12 and H3-K27 tri-
methylation represses Cdh1 expression, which is important for the maintenance of the CSC
phenotype. Interestingly, increased Suz12 binding and H3-K27 methylation is not restricted
to the CDH1 locus, but rather is observed at all Suz12 targets tested (Figure 4G). This
suggests that the increased Suz12 association with the CDH1 locus is due to increased
Suz12 levels and not to alterations in the protein(s) that recruit Suz12 to this locus.

MiR-200b–Suz12 Interaction is Important for the Growth and Invasive Ability of Cancer
Stem Cells Derived from Different Cancer Cell lines

To address whether the miR-200b-Suz12 interaction is important for CSCs in other cancer
cell lines, we examined CD44high/CD24low CSC populations derived from MCF7, SKBR3,
MDA-MB-453 and MDA-MB-231 cancer cells that were isolated from genetically different
types of breast tumors. In all cases, the miR-200 family members (miR-200b, miR-200c,
miR-429) were highly down-regulated in CSCs (Figure 5A), and miR-200b overexpression
or Suz12 inhibition significantly affect CSC growth (Figure 5B). We also analyzed CSCs
derived from MDA-MB-231 and MDA-MB-453 cells for their ability to infiltrate through
Matrigel in a modified Boyden chamber assay using 5% horse serum as a chemoattractant.
Under these conditions, miR-200b overexpression or Suz12 inhibition significantly reduces
the invasive ability of both MDA-MB-453 and MDA-MB-231 cells (Figure 5C). Thus, the
miR-200b-Suz12 interaction is important for growth and invasive ability of CSCs derived
from genetically distinct breast cancer cell lines.

MiR-200b and Suz12 Regulate Tumor Growth and Remission In Vivo
We examined the role of the miR-200b-Suz12 pathway for CSC function in vivo by
performing xenograft experiments in which CSCs from ER-Src transformed cells were
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injected subcutaneously in nude (nu/nu) mice. As expected from the results obtained in cell
lines, pre-treatment of CSCs with miR-200b or siRNA against Suz12 (but not a control
siRNA) blocked tumor formation in nude mice (Figure 6A). More importantly, we examined
mice with tumors (70 mm3) that arose 10 days after injection and were treated
intraperitoneally with four cycles (days 10, 15, 20, 25) of doxorubicin, miR-200b, siRNA
against Suz12, or combinations of doxorubicin with miR-200b or siRNA against Suz12
(Figure 6B). As expected, doxorubicin treatment caused significant regression of the tumor,
but relapse of the disease occurred after 40 days. Treatment of either miR-200 or siRNA
against Suz12 has only a very slight effect on tumor growth, presumably because these
treatments did not affect NSCCs. Strikingly, the combinations of doxorubicin with either
miR-200b or Suz12 depletion caused even stronger regression of tumor growth, and relapse
was prevented. Thus, by analogy with metformin treatment (Hirsch et al., 2009) and in
accord with the cancer stem cell hypothesis, these observations indicate that miR-200b and
Suz12 are important for CSC function in vivo.

To determine the basis for why combinatorial therapy of doxorubicin with miR-200b or
siSuz12 were more effective than doxorubicin alone, we examined the populations of cells
recovered from tumors. After three cycles of treatment (day 25), the CSC population was
nearly absent from mice subjected to combinatorial therapy, while they were easily observed
in tumors from mice treated with doxorubicin alone (Figure 6C). Furthermore, after two
cycles of treatment, CSCs derived from tumors treated with doxorubicin and miR-200b
showed reduced levels of Suz12 and (to a lesser extent) Bmi1 mRNAs and strong up-
regulation of Cdh1 mRNA as compared to CSCs from untreated tumors. Interestingly, CSCs
derived from doxorubicin-treated tumors had somewhat reduced levels of miR-200b and
Cdh1 and somewhat increased levels of Suz12 and (to a lesser extent) Bmi1 (Figure 6D).
This latter observation is likely explained by the selective killing of NSCCs. Taken together,
these results suggest that the miR-200b-Suz12-Cdh1 pathway is essential to block the
formation and function of CSCs. Loss of this pathway results in CSC formation and tumor
growth, whereas restoration of this pathway to CSCs blocks tumor growth and prevents
relapse in combination with standard chemotherapy.

MiR-200b–Suz12 Interaction Contributes to the Metastatic Phenotype of Human Mammary
Adenocarcinomas

To address the relevance of the miR-200b-Suz12-Cdh1 pathway to human cancer, we
measured the expression levels of miR-200b, Suz12 and Cdh1 in primary and metastatic
tumor tissues from eight patients with breast cancer. For each patient, miR-200b and Cdh1
expression levels are reduced and Suz12 levels are increased in metastatic tumors relative to
the primary tumors (Figure 7A). Furthermore, in-situ hybridization for miR-200b and
immunofluorescence for Suz12 and Cdh1 identified the same relationships (Figure 7B).
Lastly, there is a striking inverse relationship between Suz12 and miR-200b (r=−0.8312) or
Cdh1 (r=−0.9096) in primary and metastatic breast tumors (Figure 7C), strongly arguing for
a mechanistic relationship between miR-200b, Suz12 and Cdh1 in metastasis.

DISCUSSION
miR-200 Inhibition of Suz12, a PRC2 Subunit, Regulates the Formation and Growth of
CSCs

MiR-200 targets the Zeb1 and Zeb2 transcriptional repressors (Gregory et al., 2008; Korpal
et al., 2008; Park et al., 2008) as well as the Bmi1 subunit of the PRC1 complex (Shimono et
al., 2009; Wellner et al., 2009). Here, we show that miR-200 also targets the Suz12 subunit
PRC2 complex through a direct interaction with a perfectly homologous and highly
conserved region of the Suz12 3′UTR. In contrast, the interaction of miR-200 with the Bmi1
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3′UTR has a mismatch at a key position in the seed sequence, and this region is not well
conserved throughout evolution. In accord with this observation, miR-200 targets Suz12
more effectively than Bmi1, both in reporter constructs and in the natural genes.

Five lines of evidence indicate that PRC2 plays a critical role in the growth and function of
CSCs. First, siRNA-inhibition experiments indicate that Suz12, and hence PRC2, is critical
for CSC growth, invasion activity, and mammosphere formation in a variety of breast-
derived cancer cell lines. Second, in accord with the importance of CSCs in tumor
formation, PRC2 is critical for tumor growth in mouse xenografts. Third, Suz12 is up-
regulated in CSCs via its interaction with miR-200, and it is required for increased CSC
formation that occurs upon inhibition of miR-200. Fourth, PRC2 association and H3-K27
methylation at the Cdh1 promoter is strongly increased in CSCs, and this is responsible for
repression of Cdh1, which is required for CSC function. Fifth, during differentiation of
CSCs back to NSCCs, Suz12 levels drop and Cdh1 levels increase. These direct PRC2-
mediated effects on Cdh1 expression are important, because Cdh1 is down-regulated during
epithelial-mesenchymal transition (EMT) generating cells with properties of stem cells
(Mani et al., 2008; Polyak and Weinberg, 2009).

Most importantly, regulation of Suz12 expression, and hence PRC2 function, by miR-200 is
a critical step in the generation of CSCs, and this regulatory step is relevant for human
cancer. As mentioned above, loss of miR-200 is important for CSC formation and growth,
and this miR-200 function depends on Suz12. Furthermore, CSCs depleted for Suz12 lose
all CSC functions (growth, mammosphere formation, tumor formation, Cdh1 repression),
even though the level of Suz12 in such cells is comparable to that in NSCCs. Thus, Suz12
up-regulation in CSCs is critical for all CSC functions assayed, and this includes increased
Suz12 occupancy at the Cdh1 promoter, which is essential for PRC2-based repression.
Conversely, in NSCCs, ectopic expression of Suz12 at near-physiological RNA levels from
a construct lacking the 3′UTR is sufficient to induce CSC formation in a manner that is not
inhibited by miR-200. Lastly, the relevance of the miR-200-Suz12-Cdh1 pathway to human
cancer and metastasis is demonstrated by the more pronounced CSC signature (low
miR-200b, high Suz12, low Cdh1) in metastatic vs. primary breast tumors, and by the
striking inverse relationship between Suz12 and either miR-200b or Cdh1 in both primary
and metastatic breast tumors. This suggests that the miR-200b-PRC2 pathway is a strong
causal factor in metastasis and a driving force in maintaining the CSC population.

The strong inhibitory effect mediated by the evolutionarily conserved interaction between
miR-200 and Suz12 argues that miR-200 acts in CSCs to block PRC2 function. As PRC2-
mediated methylation of H3-K27 is important for repression by PRC1, the interaction
between miR-200 and Suz12 is effectively blocking the function of both polycomb
complexes. Nevertheless, miR-200 also functions through the Bmi1 subunit of PRC1,
indicating that tight regulation polycomb-based repression is critical for controlling the
growth of CSCs. As the miR-200 interaction with Bmi1 is less conserved and less
inhibitory, we suggest that mir-200 regulation of PRC1 expression serves an auxiliary role
that may be dispensable in some organisms. In addition to its effects on polycomb-based
repression, miR-200 also inhibits the Zeb1 and Zeb2 repressors that function independently
of PRC2 at Cdh1 (Herranz et al., 2008), and our results indicate that PRC2- and Zeb-
mediated repression are independently and comparably critical for CSC growth.

Regulation of miR-200 inhibition of Suz12 might be a conserved and specific function of
stem cells

The induction of Suz12 in CSCs derived from NSCCs provides further evidence that CSCs
are analogous to ESCs, in which PRC2 directly represses genes encoding developmental
regulators. Conversely, differentiation of CSCs into NSCCs is associated with a dramatic
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reduction in Suz12 levels and PRC2-mediated repression of Cdh1, which is analogous to
loss of polycomb-based repression of developmental regulators in differentiating ESCs.
Taken together, these observations suggest the possibility that miR-200 inhibition of Suz12
might be an important regulatory step in ESCs, and that up-regulation of miR-200 during
early development might be important to alleviate PRC2 repression and permit
differentiation.

The interaction between miR-200 and Suz12 is conserved in Drosophila (the homologous
microRNA is termed miR-8); 7 out of 8 nucleotides in the microRNA seed are
complementary to the Suz12 3′UTR, and the single mismatch is at a position that is typically
of modest functional importance. Interestingly, Drosophila miR-8 is expressed at much
lower levels in early embryonic development (up to 8h post-fertilization) than at later times
(Ruby et al., 2007). Furthermore, Suz12 expression is expressed in a reciprocal fashion, with
much higher levels during the first 8h than at later times (Mod-ENCODE database). This
decrease in Suz12 expression after the early stage of embryogenesis is consistent with
genetic analysis showing that the maternal function of Suz12 is more important than the
zygotic function (Birve et al., 2001). Lastly modulation of Suz12 levels in Drosophila
suggests that Suz12 levels are limiting for H3-K27 methylation and polycomb-mediated
repression (Chen et al., 2008). These observations prompt the speculation that the highly
conserved interaction between miR-200 and Suz12 might represent an ancient regulatory
mechanism to control the growth and function of stem cells.

Further Evidence Supporting the Cancer Stem Cell Hypothesis
The cancer stem cell hypothesis for the progression of human disease was originally based
on the differential tumor-forming properties and chemotherapeutic responses of cancer stem
cells and non-stem cancer cells. This hypothesis has been controversial, especially in the
absence of experiments testing its validity. A prediction of this model is that agents that
selectively inhibit cancer stem cells should function synergistically with chemotherapeutic
drugs to delay relapse. In accord with this hypothesis, metformin selectively kills cancer
stem cells, and tumor-bearing mice treated with the combination of metformin and
doxorubicin remain in remission for extended times (Hirsch et al., 2009). However, as
metformin also blocks the transition between non-transformed and transformed cells (Hirsch
et al., 2009), similar experiments involving different types of agents that selectively kill
CSCs would be useful.

Here, we show that miR-200 behaves similarly to metformin in that it selectively kills CSCs
and acts in combination with doxorubicin to block tumor growth and prolong remission.
Unlike metformin, which can block cellular transformation, miR-200 function is likely to be
specific for CSCs, because its expression is unaffected during the cellular transformation
process. Furthermore, down-regulation of Suz12, a critical target of miR-200 has the same
effect on remission in combination with chemotherapy. Thus, for at least certain types of
cancers, these observations provide very strong experimental validation of the cancer stem
cell hypothesis.

MATERIALS AND METHODS
Cell Culture and Separation of CSCs from Non-stem Cancer Cells (NSCCs)

MCF-10A cells (Soule et al., 1990) containing the ER-Src fusion gene (Aziz et al., 1999)
were grown in DMEM/F12 medium supplemented with 5% donor horse serum (HS), 20 ng/
ml epidermal growth factor (EGF), 10 μg/ml insulin, 100 μg/ml hydrocortisone, 1 ng/ml
cholera toxin, 50 units/ml pen/step, with the addition of puromycin; Src induction and
cellular transformation was achieved by treatment of 1 μM 4-OH tamoxifen (TAM),
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typically for 36h (Iliopoulos et al., 2009). Other breast cancer cell lines (MCF7, SKBR3,
MDA-MB-231, MDA-MB-435) were grown in DMEM, 10% FBS and pen/step. To separate
CSCs from NSCCs, flow cytometric cell sorting was performed on single cell suspensions
that were stained with CD44 antibody (FITC-conjugated) (555478, BD Biosciences) and
with CD24 antibody (PE-conjugated) (555428, BD Biosciences). As used throughout this
work, CSCs are defined by the minority CD44high/CD24low population, whereas NSCCs are
defined by the majority CD44low/CD24high. For differentiation experiments, CSCs sorted
from ER-Src transformed cells (TAM-treated for 36h) were plated at 105 cells/ml on 6-well
plates pre-coated with collagen IV (BD BioSciences) in DMEM/F12 supplemented with 5%
serum without growth factors and passaged when they reached >95% confluence. CSC
differentiation was monitored every 6 days by flow cytometric analysis.

Mammospheres were generated by placing transformed cell lines in suspension (1000 cells/
ml) in serum-free DMEM/F12 media, supplemented with B27 (1:50, Invitrogen), 0.4%
BSA, 20 ng/ml EGF and 4 μg/ml insulin (Dontu et al., 2003). After 6 days of incubation,
mammospheres were typically >75 mM in size with ~97% being CD44high/CD24low. For
serial passaging, 6-day old mammospheres were harvested using a 70 μm cell strainer,
whereupon they were dissociated to single cells with trypsin (Dontu et al., 2003), and then
regrown in suspension for 6 days.

Genetic Analyses
For siRNA experiments, CSCs or 6-day old mammospheres were transfected with 100 nM
of siRNAs from Ambion Inc. against Suz12 (s23967 and s23969), Zeb1 (s229972), Zeb2
(s19033) and negative control (AM4611), 100 nM microRNAs and controls, or 100 nM
antisense RNAs against miR-200 or control using siPORT NeoFX transfection agent. The
resulting cells were assayed 24h or 48h post-transfection for CSC growth (CCK colormetric
assay), mammospheres/1000 cells, tumor formation in mice, or RNA levels. For the
experiment involving ectopic expression of Suz12, NSCCs were transfected using
lipofectamine 2000 with a CMV-Suz12-ECFP construct and a mutated derivative lacking
the CMV promoter and the Suz12 start site (Furano et al., 2006). Importantly, both Suz12
constructs lack the 3′UTR. Transfected cells were assayed 24h later for the presence of
CSCs (flow cytometry) as well as Suz12 and Ezh2 RNA levels.

RNA Analysis
MicroRNA expression levels were tested using the mirVana qRT–PCR miRNA Detection
Kit and qRT–PCR Primer Sets, according to the manufacturer’s instructions (Ambion Inc,
TX, USA). RNU48 expression was used as an internal control. For analyzing mRNAs, total
RNA was reverse-transcribed to form cDNA, and the resulting material analyzed by
quantitative PCR in real-time using β-actin levels as a normalization control. For analyzing
patient samples, RNAs from eight primary tumors and their corresponding metastatic tumors
were purchased by Biochain Inc.

Western Blot Analysis
Nitrocellulose membranes containing electrophetically separated proteins from NSCCs and
CSCs were probed with rabbit antibodies against Suz12 (ab12073, Abcam Inc.), Zeb1
(sc-20572, Santa Cruz Biotechnology Inc.), Zeb2 (sc130436, Santa Cruz Biotechnologhy
Inc.), Bmi1 (ab-14389, Abcam Inc.), Cdh1 (3195, Cell Signaling Technology Inc.), and β-
actin (4967, Cell Signaling Technology Inc.), treatmeed with peroxidase-conjugated goat
anti-rabbit Ig secondary antibody (Oncogene Research Product), and then visualized by
chemiluminescence (Amersham, Inc.).
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MicroRNA Target Prediction and Conservation
The miRNA database TargetScan version 5.1 (http://www.targetscan.org/index.html) was
used to identify potential miRNA targets for miR-200 and to compare the miR-200 seed
sequence with the 3′UTRs of Suz12 and Bmi1 from different species.

Luciferase assays to Validate microRNA Interactions
Using Lipofectamine 2000 (Invitrogen), ER-Src cells were transfected with firefly luciferase
reporter constructs containing the 3′UTR of Suz12, Bmi1, Zeb1, and Zeb2 together with
100nM microRNA negative control or miR-200b. In addition, we analyzed a derivative of
the Suz12 construct containing two substitutions (CAGTATTA to CACTACTA) in the seed
sequence in the Suz12 3′UTR that was generated by Quick-Changell site directed
mutagenesis (Stratagene, Inc). Cell extracts were prepared 24h after transfection, and the
luciferase activity was measured using the Dual Luciferase Reporter Assay System
(Promega, WI, USA).

Chromatin Immunoprecipitation
Chromatin immunoprecipitation was carried out as described previously (Yang et al., 2006).
Chromatin fragments from NSCCs and CSCs obtained by sorting ER-Src cells treated with
TAM for 36hr were immunoprecipitated with 10 μg of antibody against SuZ12 (ab12073,
Abcam, Inc.) and 15 μg of anti-Histone H3 trimethyl lysine 27 (#07-449 Millipore, MA,
USA). DNA extraction was performed using Qiagen Purification Kit (Qiagen, MD, USA).
The samples were analyzed by quantitative PCR in real time with primer pairs listed in
Table S1.

DNA Methylation Assay
Genomic DNA (10 μg) from NSCCs and CSCs as treated with sodium bisulfite for 5h at
55oC in the dark, purified, and then desulfonated as described previously (Lindahl-Allen
and Antoniou, 2007). PCR amplified regions of the bisulfite-converted DNA spanning
CDH1 (see Supplementary Table ST1) were then sequenced.

Invasion Assays
CSCs derived from MDA-MB-231 and MDA-MB-453 cells were transfected with siRNAs
against Suz12 or miR-200 along with appropriate controls. Invasion assays were performed
12h post-transfection using BDBioCoat growth factor reduced MATRIGEL invasion
chambers (PharMingen) with 5% horse serum (GIBCO) and 20 ng/ml EGF as
chemoattractants.

Xenograft experiments
Nude mice experiments were performed in accordance with Institutional Animal Care and
Use Committee procedures and guidelines of Tufts University. In initial experiments 5×103

CSCs derived from ER-Src transformed cells were pre-treated with microRNA negative
control (100 nM), miR-200b or siSuz12 for 8h and then injected subcutaneously in the right
flank of athymic nude mice (Charles River Laboratories). Tumor growth was monitored
daily until the detection of palpable tumors. To analyze the effect of Suz12 and miR-200 in
combinatorial therapy, 5×106 ER-Src untreated and TAM-treated (36h) cells were injected
subcutaneously into athymic nude mice, and tumor volume was monitored every five days
as calculated by the equation V(mm3)=axb2/2, where a is the largest diameter and b is the
perpendicular diameter. When the tumors reached a size of ~70mm3, mice were randomly
distributed in 6 groups (5 mice/group) and treated intraperitoneally with doxorubicin (4mg),
miR-200b, siSuz12, and combinations of doxorubicin and miR-200b or siSuz12. There were
four cycles of treatment every 5 days (days 10, 15, 20, 25), and tumor volume was
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monitored at various times up to 65 days. In addition, cells obtained from the treated tumors
were analyzed for the percentage of CSCs by flow cytometry, and for Suz12, Bmi1, Cdh1,
and Ezh2 RNA levels using primers previously described (Metsuyanim et al., 2008).

In situ microRNA hybridization
Sections of FFPE breast tumors were deparaffinized in xylene, 2×40 min on a 50 rpm
shaker, followed by 5 min each in serial dilution of ethanol (100%, 100%, 75%, 50% and
25%) and followed by 2 changes of water. Slides were then submerged for 5 min in 0.2 N
HCl, washed with DEPC-PBS, digested with proteinase K (40 μg/ml) for 60 min at 25°C,
rinsed in 0.2% glycine/DEPC-PBS, 3XDEPC-PBS and postfixed with 4% formaldehyde in
PBS for 10 min. Slides were then rinsed twice with DEPC-PBS, treated with acetylation
buffer (300 μl acetic anhydride, 670 μl triethanolamine, 250 μl of 12 N HCl per 48 ml
ddH2O) and then rinsed 4 times in DEPC-PBS followed by 2 rinses in 5xSSC. Slides were
pre-hybridized at 49°C for 2 hrs in hybridization buffer (50% formamide, 5xSSC, 0.1%
Tween-20, adjusted to pH 6.0 with 9.2 mM citric acid, 50 μg/ml heparin, 500 μg/ml yeast
tRNA) in a humidified chamber (50% formamide, 5xSSC). Following pre-hybridization,
slides were hybridized overnight at 49°C in a humidified chamber, using 20 nM of Mircury
LNA Detection probe for mmu-miR-200b 3′-end labelled with DIG (Exiqon) in pre-warmed
hybridization buffer. Sections were rinsed twice in 5xSSC, followed by 3 washes of 20 min
at 49°C in 50% formamide/2xSSC. Sections were then rinsed 5 times in PBS/0.1%
Tween-20 (PBST), and blocked for 1 hr in blocking solution (2% sheep serum, 2 mg/ml
BSA in PBST). Anti-DIG-AP Fab fragments antibody (11093274910, Roche) was applied
on sections overnight at 4°C. Next, slides were washed 2 times, in PBST for 10 min each
and washed 3 times for 10 min each in 0.1 M Tris-HCl pH 7.5/0.15 M NaCl, followed by
equilibration with 1 M Tris pH 8.2 for 10 min and the Fast Red (Roche) solution (1 tablet
per 2ml of 0.1 M Tris-HCl pH 8.2). Following incubation for 30 min in the dark, slides were
washed 3 times in PBST for 10 min and coverslipped in Vectashield mounting medium with
Dapi (Vector Labs). Images were obtained using a Nikon Eclipse 80i microscope and a Spot
charge-coupled device camera (Diagnostic Instruments). All photographs were processed
using identical settings for capturing and further processing.

Immunfluorescence
Sections of FFPE breast tumors were deparaffinized in xylene, 3×5 min, followed by 10 min
each in serial dilution of ethanol (100%, 100%, 95% and 95%) and followed by 2 changes of
water. Antigen unmasking was achieved by boiling the slides (95–99°C) for 10 min, in 10
mM sodium citrate buffer pH 6.0. Sections were then rinsed 3 times in ddH2O, 1 time in
PBS, and blocked for 1 hr in blocking solution (5% goat serum, 300 μl Triton-X 100 in 100
ml PBS). E-cadherin or Suz12 antibodies were diluted (1:200) and applied on sections
overnight at 4°C. Next, slides were washed 3 times, in PBS for 5 min each, blocked for 1 hr
in blocking solution, and incubated with Cy2-conjugated anti-goat antibody diluted 1:500
for 1 hr at room temperature in the dark. Slides were washed 3 times, in PBS for 5 min each,
and coverslipped in Vectashield mounting medium with Dapi. Images were obtained as
described above.

Highlights

• Inhibition of miR-200 family is required for cancer stem cell (CSC) formation

• Suz12, a direct target of miR-200b, represses Cdh1 and is required for CSC
growth

• Ectopic expression of Suz12 induces CSC proliferation
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• MiR-200b and Suz12 expression inversely correlated in patient tumors

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. MiR-200b Regulates Cancer Stem Cell Growth
(A) Expression (mean ± SD) of the indicated microRNAs at the indicated times after
induction of transformation with tamoxifen (TAM) and in CSCs purified by flow cytometry.
(B) CSCs and 1st, 2nd, 3rd passage mammospheres were transfected with the indicated
microRNAs and examined for the percentage of CSC growth (relative to untransfected
CSCs) and number of mammospheres/1000 cells.
(C) Transformation of TAM-treated ER-Src cells transfected with miR-200b or let-7a
microRNAs. Data are presented as mean ± SD.
(D) Flow cytometry analysis of CD44/CD24 profiles and percentage of CSCs (mean ± SD)
in the population (mean ± SD) after transfection with the indicated anti-sense microRNAs.
(E) Number of mammospheres/1000 cells ((mean ± SD) after transfection of the indicated
antisense microRNAs.
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Figure 2. Direct Targeting of Suz12 by MiR-200b Through an Evolutionarily Conserved
Interaction
(A) Predicted miR-200b binding sites in the 3′UTRs of Suz12 and Bmi1 with sequence
complementarity and phylogenic conservation of 8-nt seed sequence indicated. Zeb1 and
Zeb2 show similar complementarity as Suz12 with the exception of Drosophila.
(B) MiR-200b, Suz12 and Bmi1 RNA levels (mean ± SD) in untransformed, transformed
non-stem cancer cells (NSCCs), CSCs, and mammospheres (MSP).
(C) RNA levels (mean ± SD) of the indicated genes after transfection with miR-200b or
control microRNAs in CSCs.
(D) Suz12 and β-actin protein levels after transfection with miR-200b or control microRNAs
in CSCs.
(E) Relative luciferase activity (mean ± SD) mediated by reporter constructs harboring the
3′UTR of the indicated genes (and mutated version of Suz12) upon transfection with
miR-200b or control microRNAs.
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Figure 3. Suz12 is Required for CSC and Mammosphere Growth Mediated by Loss of MiR-200
(A) Suz12 RNA and protein (inset) levels (mean ± SD) in CSCs treated with 2 different
siRNAs against Suz12 or control siRNA (NC).
(B) Percentage of CSCs obtained by sorting ER-Src cells treated with TAM for 36h were
transfected with Suz12 or control siRNAs, and examined for the percentage of CSC growth
(relative to untransfected cells) 24h and 48h afterwards.
(C) Number of mammospheres/1000 cells (mean ± SD) 48h after transfection with Suz12 or
control siRNAs.
(D) Percentage CSCs (mean ± SD) of ER-Src transformed cells after transfection with
siRNAs against the indicated genes.
(E) NSCCs obtained by sorting an ER-Src transformed cell population were transfected with
Suz12 or control expression vectors in the presence or absence of co-transfected miR-200
were analyzed for the percentage of CSCs by flow cytometry (mean ± SD).
(F) Percentage of CSCs (black) and number of mammospheres (gray) after transfection with
antisense-miR negative control (as-miR NC), antisense-miR-200b (as-miR-200b), or Suz12
siRNAs. Data are shows as mean ± SD.
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Figure 4. MiR-200b Functions through Suz12 and H3K27 Tri-methylation in CSCs
(A) Suz12 and E-cadherin (Cdh1) mRNA (left) and protein (right) levels (mean ± SD) in
NSCCs and CSCs.
(B) Percentage (mean ± SD) of CSCs (black) and NSCCs (gray) at the indicated times after
plating CSCs (obtained from sorting ER-Src transformed cells) under differentiation
conditions.
(C) Suz12, Cdh1, and miR-200 RNA levels (mean ± SD) during differentiation of CSCs.
(D) Suz12 and Cdh1 protein levels during differentiation of CSCs.
(E) Cdh1 RNA levels (mean ± SD) in CSCs after transfection of miR-200b or siRNAs
against the indicated genes.
(F) Chromatin immunoprecipitation showing association of Suz12 at CDH1 and control
HNRPA2 gene in NSCCs and CSCs expressing miR-200 or a control microRNA. Data are
presented as mean ± SD.
(G) Suz12 association and H3-K27 trimethylation (mean ± SD) at the indicated loci in
NSCCs and CSCs.
(H) DNA methylation analysis of regions within the CDH1 promoter in CSCs and NSCCs.
For each horizontal line, open circles indicate non-methylated residues and black circles
indicated methylated residues in a given clone that was sequenced after bisulfite conversion.
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Figure 5. MiR-200b-Suz12 Pathway Affects Growth and Invasive Ability of CSCs Derived from
Genetically Distinct Breast Cancer Cell Lines
(A) MiR-200b, miR-200a and miR-429 expression levels in NSCCs and CSCs cells derived
from the indicated breast cancer cell lines.
(B) Growth of CSCs derived from the indicated cell lines 48h post transfection with
miR-200b or siRNA against Suz12. Data are presented as mean ± SD.
(C) Invasion assays in CSCs derived from MDA-MB-435 and MDA-MB-231 cells 12h post
transfection with miR-200b or siRNA against Suz12. Data are presented as mean ± SD.
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Figure 6. MiR-200b Expression or Suz12 Inhibition in Combination with Chemotherapy
Prevents Tumor Relapse
(A) Tumor incidence in nude mice injected with CSCs from ER-Src transformed cells that
were pre-treated with miR-200b or siRNA against Suz12 for 8h.
(B) Tumor volume (mm3) in xenografts treated with doxorubicin, miR-200b, siSuz12#2 and
combinations at days 10, 15, 20, and 25.
(C) Percentage of CSCs derived from ER-Src tumors treated with doxorubicin combined
with miR-200b or siSuz12.
(D) Expression of the indicated RNAs (mean ± SD) in CD44high/CD24low cells taken from
tumors at day 25 treated as indicated.
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Figure 7. MiR-200b-Suz12-Cdh1 pathway in primary and metastatic human tumors
(A) MiR-200b, Suz12 and Cdh1 expression levels (mean ± SD) in primary and metastatic
breast tumor pairs.
(B) Microscopic images showing miR-200b RNA (in situ hybridization) as well as Suz12
and Cdh1 protein levels (immunohistochemistry) in primary and metastatic breast tumor
pairs. Higher magnification shows the miR-200b cytoplsmic localization (red), Suz12
nuclear localization (green) and Cdh1 cytoplasmic localization (green); DAPI (blue) stained
the nuclei.
(C) Correlation between miR-200b and Suz12 expression and Cdh1 and Suz12 expression in
primary and metastatic breast tumors.
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