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Abstract

The human POK family members are transcription factors with a POZ domain and zinc fingers
that act primarily as transcriptional repressors. Several members of this family are involved in
oncogenesis and this prompted us to assess whether expression levels of individual POK family
members are associated with clinical outcomes in cancer. We have observed that ZBTB4 is
downregulated in breast cancer patients, and that its expression is significantly correlated with
relapse-free survival. Further integrative analysis of mMRNA and microRNA (miR) expression data
from the NCI-60 cell lines revealed an inverse correlation between ZBTB4 and oncogenic miRs
derived from the miR-17-92 cluster and its paralogues. The experimental results using MDA-
MB-231 and MCF-7 human breast cancer cells confirm that miRNAs derived from these clusters,
containing miR-17-5p, miR-20a, miR-106a, miR-106b and miR-93, negatively regulate ZBTB4
expression. Overexpression of ZBTB4 or restoration of ZBTB4 by using an antagomir inhibit
growth and invasion of breast cancer cells, and this effect is due, in part, to ZBTB4-dependent
repression of the specificity protein 1 (Spl), Sp3, and Sp4 genes, and subsequent downregulation
of several Sp-dependent oncogenes, in part, through competition between ZBTB4 and Sp
transcription factors for GC-rich promoter sequences. These results confirm that ZBTB4 functions
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as a novel tumor suppressor gene with prognostic significance for breast cancer survival, and the
oncogenic miR-17-92/ZBTB4/Sp axis may be a potential therapeutic target.
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INTRODUCTION

Transcription factors of the POK family are characterized by an N-terminal BTB/POZ
domain, and a variable number of Krippel-like zinc fingers (Perez-Torrado et al., 2006;
Costoya, 2007). The human genome encodes over 40 members of this family, and several
have causative roles in cancer (Perez-Torrado et al., 2006). ZBTB7 (also known as
Pokemon, LRF, or FBI-1) controls cellular transformation (Pendergrast et al., 2002; Maeda
et al., 2005), and ZBTB29 (also known as HIC-1) is a p53 effector lost in many
neuroblastomas (Chen et al., 2003; Chen et al., 2005). ZBTB27 (also known as BCL6)
regulates lymphocyte survival and is crucially involved in B-cell lymphoma (Kojima et al.,
2001; Niu, 2002; Cattoretti et al., 2005). The functions of many other ZBTB proteins are
characterized poorly or not at all; this prompted us to examine whether the expression of
ZBTB genes is correlated with clinical outcome of cancer patients to identify new
prognostic and functional roles of ZBTB proteins in cancer. Here we report that ZBTB4
protein and mMRNA levels are downregulated in breast cancer patients and that its expression
has powerful predictive value for relapse-free survival from this disease.

MicroRNAs (miRs) exhibit sequence-specific interactions with 3'-UTR regions of mRNAs
to regulate their stability and translation and are crucial regulators of the cellular identity.
Not surprisingly, different miRs exhibit tumor-suppressive and oncogenic activities and
these can be tumor context-dependent (Volinia et al., 2006; Liu et al., 2010). Interaction of
miRs with 3'-UTR regions results in translational repression, and POK family genes often
have long and well-conserved 3'-UTRs, suggesting their potential regulation by miRs, and
our previous studies have demonstrated that ZBTB10 expression is suppressed by miR-27a
in several cancer cell lines (Mertens-Talcott et al., 2007; Jutooru et al., 2010). This led us to
hypothesize that ZBTB4 expression may also be regulated by miRs in cancer cell lines and
this possibility has been addressed using publically available mRNA and miR data sets.
Analyses of these data indicate that ZBTB4 can be a potential target of multiple miRs
derived from the components of the miR-17-92 cluster and its paralogues.

POK proteins generally function as sequence-specific transcriptional repressors (Tillotson,
1999; Filion et al., 2006; Weber et al., 2008; Jeon et al., 2008; Koh et al., 2009; Jeon et al.,
2009; Sasai et al., 2010), and ZBTB4 binds several types of genomic target sites, including
certain GC-rich sequences that bind specificity protein 1 (Spl) (Filion et al., 2006; Weber et
al., 2008; Sasai et al., 2010). Sp1, Sp3 and Sp4 are transcriptional activators that regulate a
number of pro-survival and pro-invasion genes in breast cancer cells (Abdelrahim et al.,
2002; Abdelrahim et al., 2004; Abdelrahim et al., 2007; Chadalapaka et al., 2008; Jutooru et
al., 2010; Chadalapaka et al., 2010). We posited that ZBTB4 might interfere with the
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function of Sp1, Sp3 and Sp4 in breast cells and our results show that ZBTB4 indeed
negatively regulates the expression of Spl, Sp3, Sp4, and some of their important target
genes such as vascular endothelial growth factor (VEGF), VEGF receptor 1, and survivin
(Abdelrahim et al., 2002; Abdelrahim et al., 2004; Abdelrahim et al., 2007; Chadalapaka et
al., 2008; Jutooru et al., 2010; Chadalapaka et al., 2010). The mechanism of ZBTB4-
dependent repression of Spl, Sp3, Sp4 and Sp-regulated genes involves competition
between ZBTB4 and Sp proteins for binding to GC-rich promoter sequences.

Our results identify ZBTB4 as a new and important prognostic factor in human breast cancer
that is regulated by oncogenic miR-17-92 cluster and its paralogues. Restoration of ZBTB4
by inhibiting expression of oncogenic miRs derived from miR-17-92 cluster and its
paralogues suppress expression of Sp1, Sp3, and Sp4 and Sp-regulated pro-oncogenic gene
products, resulting in inhibition of cancer cell proliferation and invasion.

METHODS AND MATERIALS

Chemicals, Antibodies, Plasmids and Reagents

Antibodies against Sp1, Sp3, Sp4, VEGF and VEGFR1 (Santa Cruz) and survivin and
poly(ADP-ribose) polymerase (PARP) (Cell Signaling Technology) were purchased.
ZBTB4 antibody was generated in the Defossez laboratory (Filion et al., 2006; Weber et al.,
2008; Sasai et al., 2010). Antisense miRs, mimic miRs and their counterpart controls were
purchased from Dharmacon, and the ZBTB4 expression vector and empty vector (pCMV-
SPORT®6) were from Open Biosystem. MISSION® siRNA (Sigma Aldrich) and control
siRNA (Quiagen) were purchased, and MCF-7 and MDA-MB-231 human breast cancer cell
lines were obtained from the American Type Culture Collection (Mertens-Talcott et al.,
2007).

Immunoblotting, Transfection and Luciferase Assays

Whole cell lysates were analyzed by western blots essentially as described (Jutooru et al.,
2010). Various construct (0.25 pg), p-galactosidase, siRNAs and other reagents and their
corresponding controls were transfected (Lipofectamine 2000) and activity relative to -
galactosidase was determined.

Real-time PCR

Real time PCR was determined using total RNA extracts essentially as described (Mertens-
Talcott et al., 2007; Jutooru et al., 2010), and PCR primers were purchased from Qiagen.
Each gene value was normalized to the TATA-binding protein.

Cloning of 3'-UTR ZBTB4 reporter construct

The entire 2559 bp 3’-UTR of human ZBTB4 (2559 bp) was first amplified from human
genomic DNA with following PCR primer set: 5’-TAT CTC GAG ACC CTG GGG CTC
AAT CCC-3’ (sense) and 5’-TAT GCG GCC GCT CAT TTG TCT TGT TGG TTT ATT
GG-3’ (antisense) and cloned into Xhol and Notl sites of psiCheck™ 2 vector (Promega).
The 3’-UTR ZBTB4 reporter luciferase containing either core seed sequence (1836-1886 bp
WT) or mutated sequence (1836-1886bp MT) was generated using following primers: For
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1836-1886 WT, 5’-TCG AGA ATT CCC ACAAAT CTT GTT TCT GGC ACT TTA
GAA AAA CTG CAA AAA AAT ACG TGC-3’ (sense) and 5’-GCG GCC GCA CGT ATT
TTTTTGCAGTTT TTC TAA AGT GC CAG AAA CAAGAT TTG TGG GAATTC-3’
(antisense); and For 1836-1886 MT, 5°-TCG AGA ATT CCC ACA AATCTT GTT TCT
GGA AAG GTA GAA AAA CTG CAA AAA AAT ACG TGC-3’ (sense) and 5’-GGC
CGCACGTATTTTTTTGCAGTT TTTCTA CCT TTC CAG AAA CAAGATTTG
TGG GAA TTC-3’(antisense). Wild-type and mutated core seed sequences are shown in
bold type.

Chromatin Immunoprecipitation Assay

The chromatin immunoprecipitation assay was performed as previously described (Lee et
al., 2010). Briefly, MCF-7 cells 2.5 X 106) were seeded and after 24 hr, transfected with as-
CT and As-miR-20a. After 48 hr, cells were cross-linked by formaldehyde. The equal
amount of fragmented chromatin was immunoprecipitated using Sp1, RNA polymerase Il
(Santa Cruz Biotech) and ZBTB4 (from Dr. Defossez) antibodies. Rabbit immunoglobulin
was used as control. The primer sets for negative and positive (GAPDH) were also described
previously (Chadalapaka et al., 2010). Real-time PCR quantification was performed (see
Table S3 for the primer sequence for the ChlP assay) and the total input was used as a
control. The PCR amplified product from primer set 6 was resolved on a 2% agarose gel in
the presence of ethdium bromide and visualized.

Invasion Assay

Transwell plates (Costar, 8.0 um pore size) coated with Matrigel were used to measure
tumor invasion upon ZBTB4 or as-miR-20a transfection. Cells were first transfected with
either ZBTB4 or empty expression plasmid, or as-miR-20a or as-CT using lipofectamine
2000 (Invitrogen). The assay was carried out using the standard assay protocol and invading
cells were photographed and counted under a microscope and the relative number was
calculated.

Cancer Patient Gene Expression Data

Normalized gene expression data from the NKI and UNC data were obtained from the
public Stanford microarray site (http://microarraypubs.stanford.edu/wound_NKI) and from
the UNC microarray database (http://genome.unc.edu). Normalized lung cancer cohort gene
expression data and B cell lymphoma were obtained from Gene Expression Omnibus
(accession number GSE11969 and GSE10866) (Takeuchi et al., 2006; Lenz et al., 2008).

Statistical Significance and Survival Analysis

Statistical significance was determined by Student's t test (two-sided). Gene clustering was
performed using Cluster and Treeview programs (Eisen et al., 1998). Kaplan-Meier analysis
and log-rank test were applied to estimate patient survival.
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RESULTS

Prognostic significance and expression of ZBTB4 in breast cancer patients

The potential prognostic and functional roles of ZBTB transcription factors in breast cancer
was examined by Kaplan-Meier survival analysis of two publically available breast cancer
patient datasets (van de Vijver et al., 2002; Oh et al., 2006) and, among this group of genes,
only ZBTB4 exhibited consistent clinical correlations in these two independent data sets.
High ZBTB4 expression correlated with longer relapse-free survival, while low ZBTB4
expression correlated with shorter relapse-free survival in two independent breast cancer
patient cohorts [NKI cohort (n=295); UNC cohort (n=380)] (Fig. 1A). Survival differences
were not observed for other ZBTB mRNAs (examples: ZBTB2, ZBTB5, ZBTB7, ZBTB10,
ZBTB29, ZBTB33, and ZBTB38) expressed in these patients (Fig. S1). Expression of
ZBTB4 protein was also determined in breast tumors and non-tumor tissues (Fig. 1B, Table
S1, and Fig. S2) and there was consistently increased ZBTB4 protein staining in non-tumor
vs. tumor tissue from the same patients.

Regulation of ZBTB4 by miR-17-92

To identify miRs that can potentially negatively regulate ZBTB4, the publically available
NCI-60 cell line mRNA and miR expression profiling data sets were employed and the
correlation between miR and mRNA expression was analyzed by Pierson’s R correlation
test (Fig. 1C) (Shankavaram et al., 2007; Blower et al., 2007). The results were then further
integrated into the prediction outcome from software algorithm programs of PicTar (Krek et
al., 2005) and TargetScan (Lewis et al., 2003) and indicated that the ZBTB4 3’-UTR can be
potentially targeted by miRs derived from miR-17-92 cluster such as miR-17-5p (R=-0.582,
p<0.00001) and miR-20a (R=—-0.642, p<0.00001) (Fig. 1D and Table S2). Since the
miR-17-92 cluster and its paralogues contains previously described oncogenic miRs and is
frequently overexpressed in breast cancer and metastatic breast cancer cells (Volinia et al.,
2006; Blenkiron et al., 2007), we focused on the roles of these oncogenic miRs in regulating
ZBTB4 expression.

The 3’-UTR region of ZBTB4 has sequences that can interact with miR-17-5p and miR-20a,
both of which have identical seed sequences (AAAGUG) (Figs. 2A and 2B). In cells
transfected with 3’-UTR-ZBTB4-luc, luciferase activity was decreased after cotransfection
with an increasing amount of miR-17-5p or miR-20a mimics (Fig. 2A) and this was also
accompanied by decreased expression of ZBTB4. In contrast, transfection of as-miR-17-5p
or as-miR-20a increased activity (Fig. 2B). Similar results were observed with antisense and
mimics of miR-106a, miR-106b and miR-93 which are paralogues (identical seed
sequences) of miR-20a/miR17-5p; however, miR-27a did not affect activity (Fig. S3). In
cells transfected with a 3’-UTR-luc construct containing a wild-type or mutated core
sequence (1836-1886 bp MT), the same miR mimics affected luciferase activity only in
cells transfected with the wild-type construct (Fig. 2C). Since the miR-20a/miR-17-5p ratio
was >8 in MCF-7 and MDA-MB-231 cells (data not shown), we used miR-20a as a model.
Transfection of as-miR-20a into MCF-7 or MDA-MB-231 cells induced ZBTB4 but not
ZBTB10 mRNA and this was accompanied by increased expression of the ZBTB4 protein
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(Fig. 2D). These results establish that oncogenic miR20a and miR17-5p negatively regulate
ZBTB4 expression in breast cancer cells.

ZBTB4 represses Sp transcription factor gene expression

ZBTB4 represses p21 expression in cancer cells (Weber et al., 2008), and in this study, the
potential role of this gene as a repressor of Spl, Sp3, Sp4 and Sp-regulated genes was
investigated in breast cancer cells. Figure 3A illustrates that overexpression of ZBTB4 in
MCF-7 and MDA-MB-231 cells significantly decreased Sp1, Sp3 and Sp4 mRNA levels,
and similar results were observed in these cells transfected with as-miR-20a (Fig. 3B). Both
the Sp1 and Sp3 promoters contain GC-rich Sp binding sites (Nicolas et al., 2001; Tapias et
al., 2008) and, in MCF-7 and MDA-MB-231 cells transfected with pSp1For4 (=751 to —20
Sp1 promoter insert) (Fig. 3C) or pSp3For5 (=417 to —38 Sp promoter) (Fig. 3D),
cotransfection with ZBTB4 or as-miR-20a decreased luciferase activity. Similar results were
observed in MDA-MB-231 and MCF-7 cells transfected with a GC-rich construct containing
the —133 to +54 region of the VEGF promoter (Fig. S4).

Confirmation that ZBTB4 repressed Sp mRNA levels in MCF-7 cells was determined by
transfecting small interfering RNAs (SiRNAs) against ZBTB4 (siZBTB4 | and siZBTB4 I1).
Both siRNAs increased expression of Sp1, Sp3 and Sp4 mRNA and proteins in MCF-7 cells
(Fig. S5A and S5B), but not in MDA-MB-231 cells which express very low endogenous
levels of ZBTB4 (data not shown). The ZBTB4 siRNAs increased luciferase activity in
MCF-7 and MDA-MB-231 cells transfected with pSp1For4 (Fig. S5C) and pSp3For5 (Fig.
S5D) confirming that ZBTB4 suppresses Spl, Sp3 and Sp4 mRNA expression in breast
cancer cells.

The mechanism of ZBTB4-dependent repression of Sp transcription factors was investigated
using in vitro translated ZBTB4 and rSpl in EMSA assays. Incubation of a concensus GC-
rich oligonucleotide shows that ZBTB4 binds directly to the sequence and binding is
repressed after co-incubation with excess GC-rich oligonucleotide (Fig. 4A). Moreover,
using the same EMSA approach, the intensity of the rSp1-DNA complex is decreased after
coincubation with ZBTB4 or excess GC-rich oligonucleotide (Fig. 4B). Results of a ChIP
scanning analysis (2.5 kB to +2.0 kB) over the GC-rich region of the Sp1 gene promoter
showed an enhanced peak at —626 to —386 (GC-rich) (Fig. 4C). After transfection of MCF-7
cells with as-miR-20a/as-Ctl, we observed binding of Sp1 and pol Il in cells transfected with
as-Ctl, whereas as-miR-20a decreased Sp1 and pol 11 binding but increased ZBTB4 binding
to this region (Figs. 4C and 4D). The results demonstrate that ZBTB4 competitively binds at
GC-rich sites to displace Spl and thereby decreased transactivation.

ZBTB4 and as-miR-27a repress Sp1l, Sp3, Sp4 and Sp-regulated gene products

The effect of as-miR-20a and ZBTB4 on Sp1l, Sp3 and Sp4 protein expression was
investigated in MDA-MB-231 and MCF-7 cells. Transfection of a ZBTB4 expression
plasmid (Fig. 5A) or as-miR-20 (Fig. 5B) in MCF-7 and MDA-MB-231 cells downregulated
expression of Sp1, Sp3 and Sp4 proteins, and this is accompanied by downregulation of
several Sp-dependent genes including VEGF, VEGFRL1 and survivin and enhanced PARP
cleavage (Fig. 5C). Moreover, RNA interference studies in cells transfected with siSp1,
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siSp3 and siSp4 also shows that knockdown of Sp transcription factors decreased VEGF,
VEGFR1 and survivin protein levels and induced PARP cleavage (Fig. 5D). The role of
ZBTB4 in mediating the effects of as-miR-20a was investigated in MDA-MB-231 cells
transfected with as-miR-20a alone or in combination with siZBTB4. As-miR-20a-induced
downregulation of Sp1, Sp3 and Sp4 proteins (Fig. S6A), Sp1 mRNA (Fig. S6B), and
luciferase activity in cells transfected with pSp1For4 construct (Fig. S6C) were significantly
inhibited after cotransfection with siZBTB4. Since induction of ZBTB4 was associated with
downregulation of Sp1, Sp3 and Sp4, we reexamined the data sets for correlations between
patient survival and expression of Sp1, Sp3, Sp4, VEGFRL, survivin, cyclin D1 and VEGF.
Among these mRNAs, only VEGF levels were prognostic factors for patient survival (Fig.
S6D).

MiR-20a and miR-17-5p also regulate cyclin D1 and p21 expression in some cancer cell
lines through 3'-UTR interactions (Yu et al., 2008; Inomata et al., 2009). Since both of these
genes can also be regulated by Sp transcription factors and would therefore be impacted by
ZBTB4, we further investigated expression of cyclin D1 and p21 in MCF-7 and MDA-
MB-231 cells. Cyclin D1 expression was decreased by knockdown of Sp1, Sp3 and Sp4 in
both cell lines and similar results were observed in cells transfected with ZBTB4 or as-
miR-20a (Figs. 6A and 6B). These results indicate that cyclin D1 is regulated by ZBTB4-Sp
and not by direct interactions with miR-20a. In MDA-MB-231 cells, both ZBTB4
overexpression and Sp1, Sp3 or Sp4 knockdown decreased p21 expression, whereas
minimal effects were observed in cells transfected with as-miR-20a. This suggests the
possibility of opposing pathways in which as-miR-20a directly enhances p21, whereas as-
miR-20a activation of ZBTB4 and repression of Sp transcription factors decreases p21. As-
miR-20a and knockdown of Sp1, Sp3 and Sp4 by RNA interference had minimal effects on
p21 expression in MCF-7 cells, whereas ZBTB4 inhibited p21 expression and this is
consistent with previous studies showing that ZBTB4 directly suppresses p21 (Filion et al.,
2006). The effects of individual knockdown of Sp proteins was gene- and cell line-specific
(Fig. 6C). The oligonucleotides used in this study were highly specific for their respective
targets in bladder cancer cells (Chadalapaka et al., 2008); however, this specificity was not
observed in breast cancer cells (Fig. 6C), suggesting that in these cells Sp1, Sp3 and Sp4 are
autoregulatory and this is consistent with their GC-rich promoter regions (Nicolas et al.,
2001; Tapias et al., 2008).

MiR-17-92: oncogenic or tumor suppressor-like activity?

The functional role of as-miR-20a and ZBTB4 on cell proliferation was also investigated in
MCF-7 and MDA-MB-231 cells. Cells were transfected with ZBTB4 or empty vector and
the effects on cell proliferation were determined 48 and 96 hr after ZBTB4 overexpression
(Fig. 7A). A similar approach was used for as-miR-20a (Fig. 7B) and the results showed that
ZBTB4 and the antagomir decreased cell growth after 96 hr. These results are consistent
with a previous report showing that Sp1 knockdown inhibited Go/G to S phase progression
of MCF-7 cells (Abdelrahim et al., 2002). MDA-MB-231 (but not MCF-7) cells are highly
invasive and metastatic, and the effects of ZBTB4 and as-miR-20a on MDA-MB-231 cell
invasion were examined using the Boyden Chamber invasion assay. The results show that
ZBTB4 and as-miR-20a decreased invasion in MDA-MB-231 cells (Fig. 7C), indicating that
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miR-20a-mediated suppression of ZBTB4 plays a role in the invasive phenotype.
Overexpression of miR-20 mimic in MCF-7 or MDA-MB-231 cells did not significantly
affect cell proliferation (Fig. S7A); however, in MCF-7 cells which express higher levels of
ZBTB4, miR-17-5p and miR-20a mimics significantly enhanced invasion in a Boyden
chamber assay (Fig. S7B).

DISCUSSION

ZBTB4 : a novel tumor suppressor, targeted by OncomiRs derived from MiR-17-92 cluster
and its paralogues

Since several POK proteins play a role in cancer, we performed an unbiased analysis of gene
expression data from breast cancer patients to determine which of these proteins are
clinically associated with disease progression or with patient survival. We found that the
expression of one gene, ZBTB4, exhibited significant prognostic power; its expression was
decreased in tumors, and low expression correlated with shorter relapse-free patient survival
(Figs. 1A and 1B). Results of survival analysis from two independent breast cancer patient
data sets correlated with ZBTB4 expression with patient outcomes (Fig. 1A) and similar
results were observed for lymphoma and lung cancer patients (data not shown), confirming
the prognostic significance of ZBTB4. There are over 40 POK proteins, and some of them,
like ZBTB10, have previously been linked to breast cancer as inhibitors of several pro-
oncogenic gene products (Mertens-Talcott et al., 2007); however, among several ZBTB
mRNAs (Fig. S1), only ZBTB4 consistently exhibited a significant predictive value in our
datasets, and therefore, we hypothesized that ZBTB4 may play a unique role in cancer.
ZBTB4 has two close paralogs, namely, Kaiso (ZBTB33) and ZBTB38 (Perez-Torrado et
al., 2006; Costoya, 2007), and they are also expressed in mammary tissue but display no
association with this disease (Fig. S1), suggesting that ZBTB4 represses a unique gene set
that are not regulated by Kaiso or ZBTB38. However, the specificity among these genes is
probably not dictated by their intrinsic DNA-binding capacities since they have similar
targets, at least in vitro (Sasai et al., 2010), suggesting that other mechanisms may explain
why ZBTB4 exhibits unique activity.

Regulation of ZBTB4 by members of the miR-17-92 cluster and its paralogues

The NCI-60 mRNA and miR expression profiles were used to correlate ZBTB4 and miR
expression (Fig. 1C). These correlations coupled with analysis of miRs that are
overexpressed in breast cancer and target the 3'-UTR of ZBTB4 identified a relatively small
number of candidate miRs that regulate ZBTB4 (Fig. 1D). MiR-20a and miR-17-5p are
members of the miR-17-92 cluster, consisting of 6 MiRNAs (miR-17-5p, miR-18a, miR-19a,
miR-20a, and miR-19b and miR-92), and have two closely related paralogue clusters in
different chromosomal locations (miR-106b-25: chromosome 7, miR-106a-363:chromosome
X). Several tumor suppressor genes regulated by these oncogenic clusters are involved with
cell survival, cell cycle progression, and apoptosis (He et al., 2005; Dews et al., 2006;
Fontana et al., 2008; Inomata et al., 2009; Liu et al., 2009; Li et al., 2010). MiR-20a and
miR-17-5p share the same seed sequences with miR-106a, miR-106b and miR-93, and
mimics of these paralogs decrease ZBTB4 expression in breast cancer cells and also
decrease luciferase activity in cells transfected with a ZBTB4-3'-UTR-luc construct (Figs.
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2A, 2C and S3). Expression patterns of the miR paralogs in MCF-7 and MDA-MB-231 cells
demonstrated that miR-20a was one of the most highly expressed miR in both cell lines and
was used to further investigate the regulation and consequences associated with ZBTB4-
miR-20a interactions.

Competition between ZBTB4 and Sp proteins for GC-rich sequences

ZBTB4 and some other members of the POK family interact with methylated DNA, other
cis-elements and GC-rich sites that bind Sp transcription factors and thereby inhibit
transcription (Filion et al., 2006). Results in Figure 3 demonstrate that ZBTB4 and as-
miR-20a inhibit Sp1, Sp3 and Sp4 MRNA expression and this is accompanied by decreased
expression of Spl, Sp3 and Sp4 proteins and several Sp-regulated gene products including
survivin, VEGF and VEGFR1 (Fig. 5). Using the GC-rich Sp1 promoter as a model, we
show that results of EMSA and ChlP assays indicate that ZBTB4 competes with Sp1 for
binding to GC-rich promoter elements (Fig. 4). Other members of the POK family such as
ZBTB10 also bind GC-rich Sp binding sites (Tillotson, 1999); however, these genes do not
show any clinical association with breast cancer in our study. ZBTB4 represses p21
expression in neuroblastoma cells (Pendergrast et al., 2002), and this was also observed in
breast cancer cells (Figs. 6A and 6B). A previous report showed that ZBTB4 regulated p21
by interacting with the DNA-bound protein M1Z-1 (Weber et al., 2008). However, Sp1-
binding sites are present in the p21 core promoter (Koutsodontis et al., 2002), and, in light
of our results, it is now apparent that the regulation of p21 also involves the recognition of
these sites and displacement of Sp transcription factors by ZBTBA4.

ZBTB4 was initially identified as a transcriptional repressor that binds methylated CGs
(Perez-Torrado et al., 2006; Costoya, 2007) and subsequent studies demonstrate the
versatility of ZBTB4 which can also bind non-methylated GC-rich sequences containing
consensus Spl binding sequences (GGGCGG) (Sasai et al., 2010). However, our results
indicated that the methylated DNA binding activity of ZBTB4 is not necessarily required
since the reporter plasmids are not methylated (Fig. 3), but were repressed after
overexpression of ZBTBA4. It is possible that ZBTB4 binds its target sites with more avidity
when they are methylated, and DNA methylation can inhibit Sp1 binding to it cognate sites.
This suggests that the observed ZBTB4/Sp protein competition for binding sites may also be
influenced by the methylation status of the DNA.

MiR-17-92 as an oncogenic miR in breast cancer cells

The complementary effects of ZBTB4 and miR-20a antagomirs on downregulation of Sp
transcription factors and Sp-regulated genes (Figs. 5 and 6) coupled with their inhibition of
MCF-7 and MDA-MB-231 cell growth and invasion (MDA-MB-231 cells) (Figs. 7 and S7)
are consistent with several reports on the oncogenic activity of the miR-17-92 cluster and
other paralogues (He et al., 2005). In breast cancer cells, some studies report that miR-17-92
exhibits tumor suppressor-like activity (Yu et al., 2008; Yu et al., 2010); however, it was
also reported that miR-17-92 was associated both with breast cancer cell growth, migration
and invasion (Liu et al., 2009; Li et al., 2010). Differences in the conclusions of these
studies likely originate in the use of different cellular systems and methodologies. However,
using the most appropriate assay, namely loss of function by antagomirs, we clearly observe
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that miR-20a contributes to the transformed characteristics of two different breast cancer
cell lines (Fig. 7) and this is due to perturbation of the ZBTB4/Sp protein axis (Fig. 7D)
which is characterized by decreased expression of Sp-regulated genes that play critical roles
in cancer cell growth, survival and angiogenesis/metastasis (Abdelrahim et al., 2004;
Abdelrahim et al., 2007; Jutooru et al., 2010).

In summary, results of this study demonstrate that the mechanism of action of ZBTB4 as a
transcriptional repressor is also due, in part, to its activity as a repressor of Spl, Sp3, Sp4
and Sp-regulated genes through competitive binding at GC-rich sites. MiR-20a which is a
member of the miR-17-92 cluster regulates ZBTB4 expression and is part of a miR-17-92-
ZBTB4-Sp transcription factor network that determines the inversely correlated expression
of ZBTB4 and Sp1, both of which are positive and negative prognostic factors, respectively,
for survival/relapse-free survival of cancer patients (Fig. 1). MiR-20a-dependent suppression
of ZBTB4 allows for enhanced expression of Sp transcription factors and Sp-regulated
genes with pro-oncogenic activity suggesting that drugs targeting miR-20a and the
oncogenic miR-17-92 cluster may have important clinical applications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Identification of ZBTB4 as miR-17-5p/miR-20a tar get
(A) Breast cancer patients in the NKI (N=295) and UNC (N=380) cohort, and lung cancer

patients (N=149, GSE11969) were dichotomized by ZBTB4 expression level. Patients were
divided into two groups, high and low, by median ZBTB4 expression values. (B)
Immunostaining of ZBTB4 protein expression in non-tumor (left) and tumor (right) tissue of
breast cancer patients with invasive ductal carcinoma (also see Supplemental Table 1 and
Supplemental Fig. 1) (C) ZBTB4 expression is inversely correlated with multiple miRs from
miR-17-92 cluster and its paralogues. Each cell in the heat map represents expression level
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of each gene. The red and green color in cells stand for relatively high and low expression
levels in log2 transformed scale. (D) Venn diagram displaying common set of miRs by
integrating the predicted miRs targeting ZBTB4 by algorithm programs into miRs highly
correlated with ZBTB4 expression by Pierson’s correlation analysis using NCI-60 miR and
mRNA data sets.
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Figure 2. MiR-20a/miR-17-5p-dependent regulation of ZBTB4
Effects of miR-20a and miR-17-5p and their antagomirs on interactions with wild-type

ZBTB4-3’-UTR (A and B) and mutant (C) constructs. MCF-7 or MDA-MB-231 cells were
transfected with miR-20a and miR-17-5p mimics or antagomirs (100 nM) and wild-type or
mutant constructs containing ZBTB4 3’-UTR inserts linked to the luciferase gene, and after
48 hr, luciferase activity was determined as described in the Materials and Methods. (D) As-
miR-20a induces ZBTB4 expression. MCF-7 or MDA-MB-231 cells were transfected with
as-miR-20a (150 nM) and after 48 hr and expression of ZBTB4 protein and mRNA was
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determined as described in the Materials and Methods. Results are means + SE (triplicate)
and significant (p<0.05) induction (*) or inhibition (**) is indicated.
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Figure 3. ZBTB4 and as-miR-20a suppress Sp1, Sp3 and Sp4 transcription
Decreased mRNA levels in cells transfected with ZBTB4 (A) or as-miR-20a (B). MCF-7

cells were transfected with ZBTB4 (2 pg) or as-miR-20a (100 nM) (and as-CT), and after 48
hr, Sp1, Sp3 and Sp4 mMRNA levels were determined as described in the Materials and
Methods. As-miR-20a and ZBTB4 decreased luciferase activity in cells transfected with
pSplFor4 (C) and pSp3For5 (D). MCF-7 and MDA-MB-231 cells were transfected with the
different constructs (as indicated), ZBTB4 expression plasmid (0, 1 or 2 ug), and as-
miR-27a (0, 100 or 150 nM) and, after 48 hr, luciferase activity determined as described in
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the Materials and Methods. Results (A-D) are means + SE (triplicate) and significant
(p<0.05) inhibition (**) is indicated.
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EMSA analysis of ZBTB4 (A) and competitive ZBTB4/Sp1 binding (B). In vitro expressed
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ZBTB4, rSpl alone, or in combination were incubated with a GC-rich oligonucleotide (£
excess competitor) and analyzed by EMSA as described in the Materials and Methods. (C)

ChIP scanning of the Sp1 promoter. Different primers were used for analysis of Sp1 binding
on the Sp1 promoter (-2.5 to +2.0 kB) as described in the Materials and Methods. (D) As-
miR-20 recruitment of ZBTB4 to the Sp1 promoter. Cells were transfected with as-miR-20a
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or as-Ctl, and binding of polll, Sp1 and ZBTB4 to the GC-rich —620 to —386 region of the
Sp1 promoter was determined as outlined in the Materials and Methods.
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Figure 5. Decreased Spl, Sp3, Sp4 and Sp-regulated protein expression by ZBTB4
overexpression or endogenous miR-20a knockdown and EM SA results

Effects of ZBTB4 expression (A) and as-miR-20a (B) on Sp1, Sp3 and Sp4 protein
expression. MCF-7 or MDA-MB-231 cells were transfected with ZBTB4 (0, 1 or 2 pg) or
as-miR-20a (0, 100 or 150 nM), and whole cell lysates were analyzed for Sp proteins by
western blots as described in the Materials and Methods. Effects of ZBTB4 (C) and as-
miR-20a (D) on Sp-regulated genes and PARP cleavage. Cells were transfected with either
ZBTB4 or as-miR-20a, and whole cell lysates were analyzed by western blots as described
in the Materials and Methods.
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Figure 6. Changesin cyclin D1 and p21 protein expression by Sp knockdown, ZBTB4 or as-

miR-20a

Effects of as-miR-20a, Sp knockdown or ZBTB4 overexpression on p21 and cyclin D1 in
MCF-7 (A) and MDA-MB-231 (B) cells. After transfection of the indicated reagents (100
nM siSps) for 48 hr, whole cell lysates were analyzed by western blots as described in the
Materials and Methods. (C) Effect of Sp protein knockdown of Sp-regulated genes on Sp
protein expression. Cells were transfected with siCT (control), iSp1, iSp3 or iSp4 (100 nM)
and, after 48 hr, whole cell lysated were analyzed by western blots as outlined in the

Materials and Methods.
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Figure 7. ZBTB4 and as-miR-20 inhibit breast cancer cell growth and invasion
Inhibition of MCF-7 (A) and MDA-MB-231 (B) cell growth. Cells were transfected with

ZBTB4 (2 ug) or as-miR-20a (150 nM), and their effects on cell growth after 48 or 96 hr and
cell invasion in a Boyden Chamber assay were determined as described in the Materials and
Methods. (C) Boyden chamber assay. This assay was carried out as described for cell
proliferation (32 hr) and cancer cell invasion was determined using a Boyden chamber as
described in the Materials and Methods. Schematic Model to explain how miR-17-92/
ZBTB4/Sp axis plays important role in oncogenesis (D). Results are expressed as means +
SE (triplicate) and significant (p<0.05) inhibition by ZBTB4 or as-miR-20a is indicated (*).
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