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Tumor progression to metastasis is a complex, sequential process that requires proliferation, resistance to apoptosis,
motility and invasion to colonize at distant sites. The acquisition of these features implies a phenotypic plasticity by
tumor cells that must adapt to different conditions by modulating several signaling pathways' during the journey to the
final site of metastasis. Several transcription factors and microRNA play a role in tumor progression, but less is known
about the control of their expression during this process. Here, we demonstrate by ectopic expression and gene silencing
that the proto-oncogene c-Myb activates the expression of the five members of miR200 family (miR200b, miR200a,
miR429, miR200c and miR141) that are involved in the control of epithelial-mesenchymal transition (EMT) and metastasis
in many types of cancers. Transcriptional activation of miR200 by c-Myb occurs through binding to myb binding sites
located in the promoter regions of miR200 genes on human chromosomes 1 and 12. Furthermore, when c-Myb and the
transcriptional repressor ZEB1 are co-expressed, as at the onset EMT, the repression by ZEB1 prevails over the activation
by c-Myb, and the expression of miR200 is inhibited. We also demonstrate that during EMT induced by TGF-(, the
promoters of miR200 genes are methylated, and their transcription is repressed regardless of the presence of repressors
such as ZEB1 and activators such as c-Myb. Finally, we find a correlation between the expression of c-Myb and that of four
out of five miR200 in a data set of 207 breast cancer patients.

Introduction

MicroRNAs (or miRs) play causative roles in several pathologies,
including cancer.? The first evidence of the involvement
of microRNAs in human cancers was obtained in chronic
lymphocytic leukemia (CLL).? Since then, the importance of
miRs not only as prognostic markers, but, more importantly,
as cancer drivers contributing to malignant transformation
and cancer progression has been clearly established.? Several
miRs have been demonstrated to affect also tumor metastasis
playing pro- and anti-metastatic roles.*® Although the role
of miR-200 family in regulating E-cadherin expression and
in inhibiting epithelial-to-mesenchymal transition (EMT) is
well established,” their influence on metastatic colonization
remains controversial. miR200s negatively control the
expression of EMT-related ZEBI, and, in turn, ZEBI inhibits
miR200s transcription by binding to their regulatory regions.”
Nevertheless, further experiments suggested a pleiotropic role
of miR-200s in promoting metastatic colonization by affecting
E-cadherin-dependent epithelial traits and Sec23a-mediated
tumor cell secretome.?
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The proto-oncogene c-myb is the cellular homolog of the
transforming gene of the avian myeloblastosis virus’ As a
transcription factor, c-myb recognizes a core binding site t/cAACt/
gG located in the regulatory regions of the controlled genes."
More than 80 c-myb targets have been described that, although
representing an incomplete list, illustrate the involvement
of c-Myb in development, cell survival, proliferation, and
homeostasis.” In normal cells, c-Myb sustains the proliferation
and the differentiation of hematopoietic cells'?
the appropriate ratio of stem and progenitor cells in the colonic
crypt, in the adult neurogenic zones," and in the neuroectoderm
of the early chick embryo.” In hematopoietic malignancies,

and controls

c-Myb is required for proliferation of acute myeloid leukemia
(AML) and chronic myeloid leukemia (CML) cells.'*” A direct
involvement in leukemia was more recently demonstrated by
finding chromosomal rearrangements and duplications of c-Myb
in T-cell acute lymphoblastic leukemia (T-ALL)."®" Defects in
the expression of c-Myb were also detected in common solid
tumors. ¢-Myb is frequently overexpressed (>80% of cases),
and its expression correlates with poor prognosis in colorectal
cancer.”? The elevated levels of c-Myb in colorectal cancer can be
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Figure 1. (A) HEK293 cells stably transfected with the expression vector pcDNA3-c-mybHA or with the empty vector pcDNA3HA were tested for c-myb
expression by quantitative reverse transcriptase real-time PCR (qRT-PCR). The expression level of c-myb in pcDNA3HA transfected cells was arbitrarily
set to 100. (B) Western blot analysis of pcDNA3-c-mybHA- and pcDNA3HA-transfected cells. Anti-c-Myb and anti-HA antibodies were used for detec-
tion. B-actin expression was used to control equal loading. (C) qRT-PCR was performed for detection of each miRNA of the miR200 family. miR150

and miR155 were used as controls of non-regulated and c-Myb-regulated miRNA, respectively. The expression level of each miRNA in the pcDNA3HA-
transfected cells was arbitrarily set to 100. Data are reported + standard deviation. Statistical significance was calculated by two-tailed Student t test.,
** P < 0.01. qRT-PCR analyses were performed in triplicate in two independent experiments.

caused by mutations in the attenuator region located in the first
intron of the gene.?>* In breast cancer, c-myb gene was found
amplified in a small percentage of cases with BRCA1 mutations®
and frequently expressed in estrogen-receptor positive (ER+)
patients.”® The transcriptional elongation of c-myb is dependent
on the presence of ligand-bound ERalpha, which binds to a
site adjacent to the attenuation region in the first intron of
c-myb.? Silencing c-Myb expression blocks estrogen-dependent
proliferation of breast cancer cells.” Less is known about the
post-transcriptional regulation of c-myb in breast cancer. We
previously demonstrated that miR200s inhibit c-Myb expression
through binding to two sequences located in the 3" untranslated
region of c-myb.?* Nevertheless, miR200-dependent inhibition
is not complete in such a way as to allow c-Myb expression and
to act as a fine modulator of c-Myb levels in breast cancer cells.?®
These data suggest thac-Myb can have a role in the regulation of
epithelial-mesenchymal transition of some tumor types.””*

There are examples of the interplay between oncogenes and
miRNAs in controlling central events in tumor progression and
metastasis,?”?° but the complete picture of these interactions is far
from being complete.

In this paper, we demonstrated that c-Myb activates
transcription of miR200s in breast cancer cells. c-Myb activity
is dependent on binding to specific sequences in the promoters
of the miR200 genes on chromosome 1 (miR200a, miR200b
and miR429) and on chromosome 12 (miR200c and miR141).
Accordingly, a significant correlation between miR200 and
c-Myb expression was found in a data set of 207 breast cancer
patients.

Results

c-Myb activates the expression of miR200s. miR200 fam-
ily and c-Myb are frequently expressed in breast cancer.?**' To
evaluate whether a reciprocal control exists between miR200s
and c-Myb, we stably transfected the HEK-293 cell line with an
expression vector (pcDNA3-c-mybHA) that encodes the human
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c-Myb protein tagged with an HA tag at the 3’ terminus. The
transfected cells expressed c-MybHA at transcript and protein
levels (Fig. 1A and B). The expression of miR200a, miR200b,
miR429, miR200c, and miR141 analyzed by real-time PCR,
was significantly upregulated in pcDNA3-c-mybHA-trans-
fected cells compared with empty vector (pcDNA3HA) control
(Fig. 1C). As expected, the expression of miR155, a known target
of ¢-Myb,*? was upregulated in pcDNA3-c-mybHA-transfected
cells (Fig. 1C). Conversely, miR150, which inhibits ¢-Myb* but
is not regulated by it, remains constant (Fig. 1C). To evaluate the
effect of silencing the endogenous levels of ¢-Myb, we infected
the c-Myb-expressing human breast cancer cell line MCF-7 with
a tetracyclin-inducible (tet-on) lentiviral vector encoding an
shRNA against c-Myb (pLV-shc-myb). Infected cells were tested
for c-Myb expression, which decreased by 79% after 72 and 120 h
of doxycyclin (DOXY) treatment (2.5 pM) compared with con-
trols (Fig. 2A and B). We evaluated the levels of miR200 fam-
ily members after 72 and 120 h of DOXY treatment, since the
half-life of microRNA in mammalian cells can exceed 100 h.*
Real-time PCR analysis of miR200s revealed a significant reduc-
tion of all members of the family. Decrease became more con-
spicuous after 120 h of DOXY treatment (Fig. 2C). We infected
also the HEK293 cells with the lentiviral vector pLV-shc-myb to
silence c-Myb (Fig. S1A). Similarly to MCE-7 cells, the expres-
sion of all members of miR200 family was significantly reduced
in pLV-shc-myb-infected HEK293 cells after 72 and 120 h of
DOXY treatment (Fig. SIB). In addition, we silenced the expres-
sion of c-Myb in MCE-7 cells by transient transfection of siRNA
directed against c-myb. Although this technique was not as
effective as lentiviral shRNA in silencing c-Myb (Fig. S2A), we
detected a significant decrease of miR200 members 72 h after
transfection (Fig. S2B and C), with all siRNA concentrations
utilized (10, 50, and 100 nM). Together, these data indicate that
c-Myb activates the expression of miR200s.

c-Myb transcription activation of miR200 is dependent on
the presence of Myb binding sites in the regulatory regions
of miR200 clusters. To understand whether c-Myb activates
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Figure 2. (A) MCF-7 cells were infected with lentiviral vector pLV-sh-c-myb (sh-c-myb) or with the empty vector pLV-EV (EV) and c-Myb expression

was analyzed in sh-c-myb and Ctrl infected cells after 72 and 120 h of treatment with 2.5 mg/ml of doxycyclin by gRT-PCR. The relative mRNA level in
untreated EV cells was arbitrarily set to 100. (B) Western blot analysis to detect c-Myb expression in cells infected with pLV-sh-c-myb (sh-c-myb) or with
the empty vector pLV-EV (EV) untreated and doxycyclin-treated (2.5 ng/ml) for 72 and 120 h. B-actin expression was used for normalization. (C) qRT-
PCR to analyze the expression level of each miRNA of the miR200 family in sh-c-myb-infected cells treated with doxycyclin for 72 and 120 h. miR150
and miR155 were used as controls of non-regulated and c-Myb-regulated miRNA, respectively. The expression level of each miRNA in untreated sh-c-
myb-infected cells was arbitrarily set to 100. Data are reported + standard deviation. Statistical significance was calculated by two-tailed Student t test.
** P < 0.01. qRT-PCR analyses were performed in triplicate in two independent experiments.

miR200s transcription by a DNA binding-dependent mecha-
nism, we analyzed the promoter regions of miR200s on human
chromosomes 1 and 12,% utilizing the publicly available TFsearch
program  (http://www.cbrc.jp/research/db/TESEARCH.html).
We detected five potential Myb Binding Sites (MBS) in the pro-
moter on chromosome 1 and 4 MBS in that on chromosome 12
within a distance of 2000 base pairs from the transcription start
site (TSS). We cloned a region of approximately 2000 bp from
TSS of the promoter on chromosome 1 and on chromosome
12 in pGL3-basic plasmid (named pGL3-prom-miR200ba429
and pGL3-prom-miR200c141, respectively), which includes all
potential MBS detected by our in silico analysis (Fig. 3A and C).
Luciferase assays were performed by co-transfection of each
reporter vector with pcDNA3-c-mybHA expression plasmid in
HEK-293 cells. c-Myb was able to activate the transcription from
both pGL3-prom-miR200ba429 and pGL3-prom-miR200c141
(Fig. 3B and D). Furthermore, deletion of the region includ-
ing the most distal MBS (Mutl) significantly decreased
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c-Myb-dependent promoter activation in both reporter vectors
(Fig. 3B and D). Deletion of both distal MBS in each reporter
vector (Mut2 for pGL3-prom-miR200ba429 and Mut2 and
Mut3 for pGL3-prom-miR200c141) abolished c-Myb-depen-
dent promoter activation (Fig. 3B and D). Site-directed muta-
genesis (schematized in Fig. 4A and C) of the most distal MBS
in pGL3-prom-miR200ba429 (-1134 to -1128 bp from TSS)
significantly reduced c-Myb-dependent transcription activation
compared with wt (MutD1, Fig. 4B), similarly to mutation of the
second MBS (-1087 to —1081 bp from TSS) in the same reporter
(MutD2, Fig. 4B). Also mutation of each of the two distal MBS
in pGL3-prom-miR200c141 (1653 to —1647 and —988 to —982
bp from TSS, respectively) independently decreased c-Myb-
dependent transcription activation by similar levels (MutD1
and MutD2, Fig.4D). Double mutant (MutD1+D2) of both
distal MBS in pGL3-prom-miR200ba429 and in pGL3-prom-
miR200c141 lost responsiveness to ¢-Myb (Fig. 4C and D).
Together, these data demonstrate that transcription activation by
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Figure 3. (A and C) schematic representation of the human miR200s promoters on chromosome 1 (A) and on chromosome 12 (C) cloned in pGL3
basic reporter vector. Numbers indicate the distance from the transcription start site (TSS) represented as an arrow. Black boxes indicate the position
of potential myb binding sites (MBS). The longest construct (wt) and the deletion mutants (Mut) generated for each promoter are represented in each
scheme. (B and D) Luciferase assays were performed in HEK293 cells co-transfecting the indicated reporter vectors with the pcDNA3HA (empty vector,
white bars) or the pcDNA3-c-mybHA (c-myb expressing, black bars) expression vectors. Transfection efficiency was normalized by co-transfecting a
renilla luciferase-expressing vector. Assays were performed 48 h after transfection. Fold activation of each reporter vector co-transfected with pcD-
NA3HA was arbitrarily set to 1. Luciferase assays data are reported + standard deviation. Statistical significance was calculated by two-tailed Student

t test. ** P < 0.01. n.s. = not significant. Experiments were performed twice in triplicate.

c-Myb is dependent on the presence of MBS in the promoter
regions of both miR200 clusters.

c-Myb binds to MBS in the regulatory regions of miR200
clusters. We performed chromatin crosslinking immunopre-
cipitation (ChIP) assays in HEK-293 cells transfected with the
pHT2-c-Myb-Halo expression plasmid to assess whether c-Myb
binds in vivo to the putative MBS in miR200s promoters. c-Myb-
Halo expression in transfected cells was analyzed by immunob-
lotting (Fig. 5A). De-cross-linked DNA was analyzed by PCR
using one pair of primers for a segment, including the two dis-
tal MBS miR200 promoter on chromosome 1 (since these sites
were too close to be resolved in two distinct amplicons) and one
pair for the proximal region of the same promoter (Fig. 5B) For
miR200 promoter on chromosome 12, we designed two pairs of
primers for each distal MBS and one pair for the proximal region
(Fig. 5C). As a positive control, we used a pair of primers that
amplify a region that includes a MBS in the adenosine deami-
nase gene (ADA),* demonstrated to interact with ¢-Myb in
ChIP assays.”” We detected amplified bands utilizing the prim-
ers for ADA control and for distal MBS on chromosome 1 and
on chromosome 12 (Fig. 5B—D). No amplification was obtained
with the primers for the proximal regions of the promoters on
both chromosomes (Fig. 5B and C). These results indicate that
c-Myb binds to both distal MBS on chromosome 12 (Fig. 5C).
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As for the two distal MBS on chromosome 1, we were unable to
discriminate whether c-Myb binds to one or the other or both.
Nevertheless, both sites are likely to bind c-Myb, since each one
of them independently contributes to c-Myb-dependent tran-
scription activation (Fig. 4B).

ZEB1-mediated transcriptional repression is dominant over
the c-Myb activation. TGF-f3 treatment of MCF-7 breast cancer
cells induced upregulation of ZEB1, N-cadherin, and Vimentin
and inhibition of epithelial markers such as E-cadherin,
Desmoplakin, and Occludin (Fig. S3A). ¢Myb expression
increased slightly at 3 d of TGF-B treatment and remained close
to the basal condition at day 6 (Fig. S3A). Regulation of ZEBI,
E-cadherin, ¢-Myb, Vimentin, and phosphorylation of Smad2
after TGF-B treatment was confirmed by western blot analysis
(Fig. S3B). At 3 and 6 d of TGF-f treatment, the expression of
all members of miR200 family decreased (Fig. S3C).

During EMT-induced by TGF-B, miR200s are inhibited
mainly by ZEB1.3%% To assess the effect of ZEB1 on miR200
promoters in our model systems, we cloned the coding region of
the human ZEBI gene in pcDNA3-ZEBIHA expression vector,
which expresses human ZEBI tagged with an HA tag at the 3’
terminus (Fig. 6A). Luciferase assays performed co-transfecting
pcDNA3-ZEBIHA with the reporter vectors containing the
promoter regions of miR200 (pGL3-prom-miR200ba429 and
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Figure 4. (A and C) Schematic representation of the human miR200s promoters on chromosome 1 (A) and on chromosome 12 (C) cloned in pGL3
basic reporter vector in which site specific mutagenesis was performed to mutate the two most distal MBS. The core MBS of each site is reported with
the distance from transcription start site (TSS). The mutated nucleotides in each mutant are underlined. (B and D) luciferase assays were performed in
HEK293 cells co-transfecting the wt and mutant reporter vectors with the pcDNA3HA (empty vector, white bars) or the pcDNA3-c-mybHA (c-myb ex-
pressing, black bars) expression vectors. Transfection efficiency was normalized by co-transfecting a renilla luciferase-expressing vector. Assays were
performed 48 h after transfection. Fold-activation of each reporter vector co-transfected with pcDNA3HA was arbitrarily set to 1. Luciferase assays
data are reported + standard deviation. Statistical significance was calculated by two-tailed Student t test. ** P < 0.01. n.s. = not significant. Experi-

pGL3-prom-miR200c141, respectively) demonstrated that
ZEBI1 strongly inhibited transcription from miR200 promoters
(Fig. 6B). To test whether the repression exerted by ZEB1 on
miR200s transcription can overcome the c-Myb-mediated
activation, we used HEK293 and MCF-7 cells stably transfected
with pcDNA3-c-mybHA to constitutively express c-MybHA.
Luciferase assays performed in these cells co-transfected with
fixed amounts of pGL3-prom-miR200ba429 and pGL3-prom-
miR200c141 reporters and increasing amounts (from 0 to 50
ng/transfection) of pcDNA3-ZEBIHA. As expected, HEK293
and MCF-7 cells transfected with pcDNA3-c-mybHA showed
significantly higher transcription compared with controls
(HEK293 and MCF-7 cells stably transfected with the empty
vector pcDNA3HA) (Fig. 6C). Increasing amounts of ZEB1
gradually decreased c-Myb-dependent activation of pGL3-
prom-miR200ba429 and pGL3-prom-miR200c141 reporters to
a point at which transcription was significantly lower than that
of control cells transfected with the empty vector pcDNA3HA
(Fig. 6C). Thus, when both c-Myb and ZEBI are expressed,
as during EMT, ZEBI repression overcomes the activation of
miR200s exerted by c-Myb.

Methylation of miR200 promoters during TGF-B-induced
EMT. Hypermethylation of CpG islands in the promoter regions
of miR200 plays a repressive role during TGF-B-induced EMT
in non-primate mammalian cells.*” We tested the hypothesis

www.landesbioscience.com

that, in human cells treated with TGF-3, methylation of the
miR200 promoters represents an epigenetic level of control inde-
pendent from the presence of transcription activators and repres-
sors. We compared the methylation level of miR200 promoters
in two luminal (epithelial) and one triple-negative (mesenchy-
mal) breast cancer cell lines (MCF-7, T47D, and MDA-MB-231,
respectively) in basal conditions and after treatment with
TGF-B using DNA high-resolution melting (HRM)*’ and pyro-
sequencing.”! MCF-7 and T47D showed a significantly lower
level of methylation of both miR200 promoters compared with
MDA-MB-231 cell line (Fig. 7A and B). In the latter, methyla-
tion of the miR-200ba429 promoter could be further enhanced
by TGF-f treatment (5 ng/ml for 9 d) (Fig. 7A). Since MCE-7
cells as well as other luminal-type breast cancer cell lines are
less sensitive to short-term TGF-[3 treatment, we treated MCF-7
cells with TGF-P for longer times (up to 50 d). In this analysis,
we included cells treated for 50 d and released from TGE-f for
additional 10 d. Methylation increased at day 20 and further
at day 50 of treatment in both promoters (Fig. 8A-D). In cells
released from TGEF-B for 10 d, methylation returned to basal
levels (Fig. 8A and B). During TGF-f treatment, the expres-
sion of miR200 decreased at day 20, remained low at day 50,
and increased to levels that remained lower than basal conditions
after 10 d of TGF-B withdrawal (Fig. 8E and F). During TGF-3
treatment, the expression of c-Myb slightly increased at day 20
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Figure 5. Chromatin crosslinking ImmunoPrecipitation (ChIP) to detect c-Myb binding at MBS in miR200 promoters. (A) Western blot analysis to
detect c-Myb-Halo in HEK293 transfected with pHT2-c-Myb-Halo expression plasmid or with pHT2 empty vector. (B-D) PCR analyses were performed
on immunoprecipitated DNA from pHT2-c-Myb-Halo- and pHT2-transfected cells with sets of primers designed to amplify regions containing both
distal MBS sites and the entire proximal region on miR200 promoter on chromosome 1 (B), each distal site, and the entire proximal region on miR200
promoter on chromosome 12 (C), and a MBS in the adenosine deaminase gene (ADA) that was used as positive control (D). Each reaction was run 30
cycles. Amplifications performed with immunoprecipitated DNA from cells transfected with empty vector pHT2 were used as negative controls. Input
DNA was used to test the amplification with each set of primers. ChIP experiments were performed twice with similar results.

Table 1. Correlation between c-MYB and miR200 family in GSE22220 data set (207 breast cancer patients)

GENE (probe ID)
c-MYB (7000594)
c-MYB (7000594)
c-MYB (7000594)
c-MYB (7000594)
c-MYB (7000594)

miRNA (probe ID)

to return to levels close to untreated cells at day 50 (Fig. 8G).
Of interest, ZEBI expression increased at day 20 and sharply
decreased at day 50 to further decline after TGF-f3 withdrawal
(Fig. 8G). These data indicate that long-term TGF-B treat-
ment of luminal-type breast cancer cells causes methylation of
miR200 promoters. During this process, miR200s expression
remains low, even when ZEB1 decreases and c-Myb remains
expressed (day 50).

Correlation of ¢-Myb and miR200 expression in breast
cancer patients. To demonstrate in patients the in vitro verified
relations between c-MYB and miR200 family, we used publicly
available clinical breast cancer expression data set with paired
mRNA and miRNA genome-wide measurements across 207
patients.” The correlation values between c-myb mRNA and
five miRNAs (HSA-miR-200a, HSA-miR-200b, HSA-miR-
200c, HSA-miR-141, HSA-miR-429) from miR200 family in
the GSE22220 data set are presented in Table 1. The pairs c-myb
and miRNA in Table 1 are ordered by the value of correlation.
The last column reports P values that indicate significance of
correlation values (for details see “Materials and Methods”,
bioinformatics analysis). A significant correlation between c-Myb
expression and that of four (miR200a, miR200b, miR200c, and
miR141) out of five miR200s was highlighted by this analysis
in breast cancer samples with P values between 0.003 and 0.026
(Table 1). Of interest, the correlation between miR200 and
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HSA-miR-200c (ILMN_3167002)
HSA-miR-200b (ILMN_3168294)
HSA-miR-141 (ILMN_3168064)
HSA-miR-200a (ILMN_3167801)
HSA-miR-429 (ILMN_3167806)

Cell Cycle

Pearson correlation P value
0.28 0.026
0.26 0.003
0.13 0.01
0.10 0.01
-0.15 0.75

c-Myb expression was preserved in ER-negative breast cancer

samples (Table S1).
Discussion

miR200s and c-Myb are frequently expressed in breast cancer cell
lines and tumors.?**' Here we demonstrate, by ectopic expression
and RNA silencing, that c-Myb activates the transcription of
miR200s in cancer cells. Both miR200 clusters located on
chromosome 1 (for miR200a, miR200b, and miR429) and on
chromosome 12 (for miR200c and miR141) are controlled by
c-Myb through a binding-dependent mechanism that recognizes
MBS located in the promoter regions.

We previously demonstrated that miR200s negatively control
the expression of c-Myb.?* However, inhibition by miR200s is
not complete in such a way as to enable the expression of c-Myb
and miR200s in the same cell.?® These data, together with those
presented in this paper, define a crosstalk between c-Myb, and
the miR200 family that may be relevant in some cancer types.

The functional meaning of c-Myb and miR200s expression in
breast cancer is still debated. The expression of c-Myb is necessary
for estrogen-dependent proliferation of ER+ breast cancer cells.?
By contrast, another study identifies a subgroup of ER+ breast
cancer patients with good prognosis that express low levels of innate
inflammatory genes and c-Myb.** As regards miR200s, their role
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Figure 6. (A) HEK293 cells transfected with pcDNA3-ZEBTHA expression vector or empty vector pcDNA3HA were tested by western blot for ZEBTHA
expression 72 h after transfection using an anti-HA antibody. B-actin expression was used for normalization. (B) Luciferase assays were performed in
HEK293 and MCF-7 cells co-transfected with the reporter vectors containing the miR200 promoter on chromosome 1 (left histograms) or the miR200
promoter on chromosome 12 (right histograms), and the expression vector pcDNA3-ZEB1HA or the empty vector pcDNA3HA. (C) Luciferase assays
were performed in HEK293 (left histograms) and in MCF-7 cells (right histograms) stably transfected with the expression vector pcDNA3-c-mybHA
or the empty vector pcDNA3HA. These cells were co-transfected with reporter vectors containing the miR200 promoter on chromosome 1 (top
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histograms) or the miR200 promoter on chromosome 12 (bottom histograms) and increasing amounts (from 0-50 ng/sample) of the expression vector
pcDNA3-ZEB1HA. Fold-activation of cells co-transfected with the reporter vectors and the empty vector pcDNA3HA (white bars) was arbitrarily set
to 1. Luciferase assays data are reported + standard deviation. Statistical significance was calculated by two-tailed Student t test. Experiments were

performed twice in triplicate.

in opposing EMT by inhibiting ZEB1 and Zeb2 expression is
well established.” Nevertheless, clinical and experimental models
of breast cancer demonstrate that overexpression of miR-200s
is associated with increased risk of metastasis in breast cancer
patients and promotes metastatic colonization in mouse models.®

The expression of some genes during the execution of the EMT
process can interfere with tumor sensitivity to chemotherapeutic
treatment.* During EMT, the expression of miR200s is
downregulated by ZEB1, Snail, and Slug (SNAI2) in tumors of
epithelial origin.® On the other hand, miR200s expression is
necessary at the metastasis site to regain the epithelial phenotype
and to target the expression of SEC23A, which mediates secretion

www.landesbioscience.com
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of metastasis-suppressive proteins.® Recent data suggest that the
role of miRs and proteins involved in the metastatic process
must be evaluated in a spatio-temporal context. Using an elegant
in vivo model, Tsai et al. demonstrated that the EMT inducer
Twist 1 needs to be downregulated to allow the reversion to an
epithelial phenotype through a mesenchymal to epithelial (MET)
process and to permit the development of macrometastases.
These data imply that the acquisition of mesenchymal phenotype
by EMT during the metastatic process is a transient state that
can be reverted at the metastasis site. We induced mesenchymal
features in breast cancer cells in vitro by treatment with the EMT
inducer TGF-B, which upregulates ZEB1 and Vimentin and
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Figure 7. (A and B) High-resolution melting (HRM) analysis of the indicated cell lines. Genomic DNA of each sample was sodium bisulfite-treated, ampli-
fied, and melted as described in “Materials and Methods". (C and D) Pyrosequencing analysis: on the top of each panel the pyrosequenced regions in
the miR200 promoter on chromosome 1 (C) and on chromosome 12 (D) are indicated. Numbers indicate the distance from the transcription start site.
Vertical bars are the position of the Cs that can be methylated in each sequence. The mean methylation % of each pyrosequenced region of the indi-
cated cell lines untreated or treated with TGF-B (5 ng/ml) is specified in the histograms (C and D). Each experimental point was pyrosequenced three
times. d = days. Data are reported + standard deviation.

downregulates epithelial markers such as E-cadherin, Occludin,
and Desmoplakin. During this process, c-Myb is still expressed,
while miR200 are repressed. The latter observation is in apparent
contrast with the role of c-Myb as an activator of miR200s.
A possible explanation rests on the expression of miR200s
repressor(s) (such as ZEBI) at the onset of EMT that overcomes
c-Myb-dependent activation. In vitro, we show that ZEBI has,
indeed, a dominantrepressive effect on miR200s transcription
when it is co-expressed with c-Myb. It is conceivable that also
in vivo, c-Myb can promote, together with other activators, the
expression of miR200s in the primary tumor, but at the onset of
EMT, when the repressor ZEBI is expressed, c-Myb-dependent
activation of miR200s terminates even if c-Myb continues to be
expressed.

DNA methylation plays an additional role in controlling the
expression of miRs in tumor progression.””* Previous data in
canine cells demonstrated that miR200 promoters are repressed
by DNA methylation during TGF-B-induced EMT.* In addition,
dynamic methylation of miR200 promoters mediates epithelial
and mesenchymal transitions in colon tumorigenesis.*® We show
that in human breast cancer cells treated with TGF-B for an
extensive time (50 d), miR200 promoters are methylated; the
expression of miR200s is inhibited; and ZEBI levels decrease. At
this time, c-Myb is expressed similarly to cells in basal conditions.
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Thus, it is conceivable that promoter methylation has a repressive
effect on miR200 expression, regardless of ZEBI repression
and/or c-Myb activation. These data support the concept that
during distinct phases of tumor progression, the role of the genes
involved in the process may change in relation to the expression
of other regulators and to epigenetic changes.

In light of the complexity of their respective regulations, the
correlation between the expression of c-Myb and that of four
out of five miR200s observed in a data set of 207 breast cancer
patients was not a totally predictable result. In fact, miR200
expression depends not only on the presence of c-Myb, and
possibly other transcription activators, but also on the expression
of strong repressors such as ZEBI and on the methylation of
miR200 promoters. Although limited to one data set of patients,
the observed correlation suggests a strong link between c-Myb
and miR200s that warrants larger ex vivo surveys to understand
the role of these factors in breast cancer.

In summary, this paper demonstrates that c-Myb positively
controls the expression of miR200s by a transcriptional, binding-
dependent mechanism. Expression of ZEB1 and epigenetic changes
such as DNA methylation can overcome c-Myb-dependent
activation of miR200 expression. The relationship between
miR200s and cMyb is further highlighted by a significant
correlation between their expression in breast cancer patients.
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Figure 8. (A and B) High-resolution melting (HRM) analysis of the indicated cell lines. Genomic DNA of each sample was sodium bisulfite-treated, ampli-
fied, and melted as described in “Materials and Methods". (C and D) Pyrosequencing analysis: on the top of each panel the pyrosequenced regions in
the miR200 promoter on chromosome 1 (C) and on chromosome 12 (D) are indicated. Numbers indicate the distance from the transcription start site.
Vertical bars are the position of the Cs that can be methylated in each sequence. The mean methylation % of each pyrosequenced region of the indi-
cated cell lines untreated or treated with TGF-B (5 ng/ml) is specified in the histograms (C and D). Each experimental point was pyrosequenced three
times. Data are reported + standard deviation. (E and F) Relative miRNA levels were measured by qRT-PCR in the indicated cell lines untreated or treated
with TGF-B. miR200b, miR200a, and miR429 encoded by the cluster on chromosome 1 are shown in (E), miR200c and miR141 on chromosome 12 are in
(F). (G) Analyses of mRNA levels of c-myb and ZEB1 were performed by qRT-PCR in the indicated cells untreated or treated with TGF-B. d, days. qRT-PCR

Materials and Methods

Cell lines. MCF-7¥ and T47D*° ER+ breast cancer cells,
MDA-MB-231%" triple-negative breast cancer cells and HEK293
kidney cells? (ATCC) were cultured in DMEM/high glu-
cose (Euroclone) supplemented by 10% fetal calf serum (FCS,
Euroclone) at 37 °C in 5% CO,, 100% humidity. Recombinant
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TGE-B (PeproTech Inc) was used at a final concentration of 5 ng/
ml in the culture medium. In long-term experiments, medium-
containing TGF-f was replaced every 3 d.

Cloning. Promoter regions of miR200 clusters located on
chromosomes 1 and 12 were amplified using the primers listed
in Table S2 and cloned in pGL3-basic vector (Promega) by
standard cloning procedures. Deletion mutants were generated
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in pGL3-basic vector by amplification of the pGL3-prom-
miR200-chrom! and pGL3-prom-miR200-chrom12 plasmids
used as templates utilizing the upstream primers and the down-
stream primer used for the wild type forms listed in Table S2.
Site-directed mutants were generated using the QuikChange®
IT XL Site-Directed Mutagenesis Kit (Stratagene). Primers for
site-directed mutagenesis are listed in Table S2. The coding
sequence of human ZEBI in frame with an HA tag was cloned in
pcDNA3 vector from cDNA obtained from MDA-MB-231 cells
according to standard procedures. Primers used for retrotrans-
cription and the upstream primers are listed in Table S2. The
sequence of each plasmid generated for this paper was checked by
dideoxysequencing,.

c-Myb transfection and silencing. Stable transfections
were performed by transfecting cells with pcDNA3-c-mybHA
containing the full-length ¢cDNA for human c-myb using
Lipofectamine 2000 (Invitrogen). G418 (Sigma Aldrich) selec-
tion (600—800 pg/ml) was started 48 h after transfection. Mixed
populations were expanded for 14-21 d and tested for c-Myb
expression by western blot analysis. siRNA transfection. Cells
were transfected with a pool of siRNA (10-100 nM) against
human c-myb mRNA or with a pool of non-targeting siRNA
as control (Dharmacon), using Interferin (Poly Plus Trasfection,
Ilkirch). Lentiviral infections were performed with lentiviral
vector pLV-EV (empty vector) and pLV-shc-myb (encoding for
an shRNA directed against c-myb) as described.’

Functional assays. Cells were co-transfected with wild-type
pGL3-prom-miR200-chroml, and pGL3-prom-
miR200-chrom12 plasmids containing the promoters regions of
miR200, or their mutant forms, as indicated, and the expression
vectors pcDNA3-c-mybHA (for c-Myb) or pcDNA3-ZEBIHA
(for ZEB1) using Lipofectamine 2000 (Invitrogen). Luciferase
assays were performed using a commercial detection kit (Perkin

reporters

Elmer Life Sciences). Each experimental point was analyzed in
triplicate in two independent experiments. Statistical significance
(P) was calculated by two-tailed Student  test.

Chromatin immunoprecipitation (ChIP). Fifteen x 10°
cells were seeded and transfected with HaloTagged pHT2-c-
Myb-Halo or with the empty vector pHT2 (Promega) utilizing
TransFast™ Transfection Reagent (Promega). Cross-linking was
performed 24 h post-transfection. The HaloCHIP procedure
was performed according to the manufacturer’s instructions
(HaloCHIP™ System, Promega). Primers used for amplification
of the regions including the potential Myb binding sites in the
promoter regions of miR200 and in the Adenosine Deaminase
(ADA) gene (used as control) are listed in the Table S2.

RNA extraction and real-time qPCR analyses. RNA was
extracted from 106 cells using the mirVana RNA isolation kit
(cat. number AM1560, Ambion, Inc), according to the manu-
facturer’s instructions. Reverse transcription was performed
by using M-MuLV Reverse Transcriptase and Random Primer
Mix (cat. number: M0253S and S1330S, respectively, New
England Biolabs Inc) according to the manufacturer’s instruc-
tions. Quantitative PCR was performed using an Illumina Eco
PCR machine (Illumina Inc), by using Power Sybr Green PCR
master mix (Applied Biosystems), using the primers listed in the
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Table S2. The miRNA reverse transcription was performed by
using 10 ng of RNA, TagMan MicroRNA Reverse Transcription
kit (cat. number: 4366596, Applied biosystems), and TagMan
MicroRNA Assays for miR-200a miR-200b, miR-200c, miR-
141, miR155, miR150, and U6 as endogenous control (Applied
Biosystems), and Fast Universal PCR Master Mix, No AmpErase
UNG (cat. number: 4352042, Applied biosystems). Illumina
Software (Illumina Inc) was used to calculate relative RNA
amounts. In real-time qPCR experiments each sample was run in
triplicate in two independent experiments. Statistical significance
(P) was calculated by two-tailed Student # test.

Western blot analysis. Western blot analyses were performed
as previously described.?® The following antibodies were used:
anti-c-Myb, clonel.l (cat. number: 05-175, Merck Millipore
S.A.S), anti-B-actin (cat. number: A5441, Sigma Aldrich), anti-
Smad2 (cat. number: 3122, Cell Signaling Technology, Inc), and
phospho-Smad2 (cat. number: 3101, Cell Signaling technology,
Inc), anti-ZEB1 (cat. number: HPA027524, Sigma Aldrich),
anti-Vimentin (cat. number: V6630, Sigma Aldrich), anti-E-
cadherin (cat. number: 610181, BD Transduction Laboratories),
anti-HA.11 polyclonal antibody (Covance Inc) anti-mouse-HRP
conjugated (cat. number: SC-2002, Santa Cruz Biotechnology
Inc), anti-goat-HRP conjugated (cat. number: SC-2020, Santa
Cruz), anti-rabbi-HRP conjugated (cat. number: SC-2004,
Santa Cruz).

Genomic DNA extraction, sodium bisulfite treatment, and
high resolution melting. Genomic DNA was extracted using
the Promega SV genomic DNA kit (Promega). Genomic DNA
was bisulfite-treated and purified with EZ Methylation Gold
kit (Zymo Research Corp). PCR and HRM were performed in
Melt Doctor HRM Master Mix (Applied Biosystems). Primers
utilized for amplification are listed in Table 2. Data analysis was
performed using the HRM dedicated software (Illumina Inc).

Pyrosequencing. Bisulfite-treated genomic DNA was pyrose-
quenced using the Pyromark Gold Q24 Reagents kit (Qiagen)
with a sequencing primer in the Pyrosequencer Pyromark Q24
(Qiagen). Data analysis was performed using the Pyromark Q24
2.0.6 software. Amplification and sequencing primers used for
the pyrosequencing procedure were designed by the Pyromark
Assay Design 2.0 (Qiagen). Primers are listed in Table S2.

Bioinformatics analysis. Expression data with paired mRNA
and miRNA genome wide measurements were downloaded from
GEO omnibus repository (data set GSE22220, 207 patients).*?
For each sample (either mRNA or miRNA) probes were ordered
by expression value, and for each probe, expression rank was
computed (i.e., rank 100 means the top expressed probe in the
sample, rank 55 means that 55 percent of probes have lower
expression value in the sample). Expression rank reflects relative
expression level and is more consistent, as it requires no normal-
ization and thus introduces no normalization bias.’* Only rank
information was used for analyses. Pearson correlation coefficient
was computed as a measure of correlation between mRNA or
miRNA rank expression profiles. To estimate statistical signifi-
cance of correlation between c-Myb and five miRNAs (miR200
family) in the data set (see Table 1, P value column), we used
Monte Carlo simulation procedure.” Ten thousand times a gene
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and five miRNAs were sampled randomly, and five correlation

values were computed (gene profile vs. five miRNAs profiles).
Each time, five correlation values were ordered by the correlation
value. At the end, we got five columns of 10 000 values each. The
first column corresponds to the top correlation values observed
for randomly sampled gene and randomly sampled five miRNAs,
second column represents the distribution for the second best
correlation value and so on. The distributions were used to derive

empirical probability to sample randomly a gene and five miR-

NAs with correlations equal (or higher) then the one observed in

the data set for cMYB and miR200 family.
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