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Blancafort, Pilar – Annual Progress report, year 2

INTRODUCTION
Metastatic spread, and not primary tumor burden, is the leading cause of breast cancer deaths. The development
of metastatic behavior during breast cancer progression is a dynamic process thought to require the concerted
action of multiple genes (1). The transcriptional programs cooperatively required for the malignant progression
of breast tumors are largely unknown. In addition, novel therapeutic strategies should be able to target multiple
targets dysregulated during disease progression. In this project we propose the isolation of Artificial
Transcription Factors (TFs) for the discovery of gene panels, which cooperate during the generation of
metastatic behavior. An ATF is made by linkage of a DNA-binding domain (DBD) with a transcriptional
effector domain, which mediates activation or repression of endogenous genes (2-3). ATFs are typically made
of arrays of Cys2-His2 zinc finger (ZF) domains (4-6). Importantly, ATFs these ZF domains can be linked to
both activator and repressors of transcription, facilitating both up- and down-regulation of tumor cell
phenotypes (2-3). We have developed a novel genome-wide approach for the functional identification and
regulation of genes involved tumor progression. We have generated libraries of ATFs by recombination of large
repertoires of sequence-specific zinc finger (ZF) domains (7-10). ZF domains were linked to an activator
(VP64) or repressor (SKD) of transcription (2-3). When delivered into tumor cell populations, ATF libraries
have the potential to activate or repress virtually any gene. The objective of this proposal is to apply ATF
libraries to identify and regulate genes that cooperate during the process induction of breast cancer cell invasion
and progression. We have delivered ATF libraries into non-invasive breast cancer cell lines. We have selected
ATFs able to induce or enhance breast cell invasion. The ATF-selections were performed in vitro using matrigel
invasion assays. The ATFs modulating cell invasion were profiled using DNA microarrays to determine genes
differentially regulated by the ATF that are responsible for the phenotype change. We expect this proposal will
lead to the functional identification of novel markers of breast cancer disease progression that could be used as
early predictors of malignant behavior. In the future, these ATFs could be used as master genetic switches to
modulate malignant behavior in in vivo models of breast cancer.



BODY

In this section we will describe the main results and conclusions for the tasks outlined in the statement of work
for year 2 (months 12-24) of this proposal.

List of Tasks and expected outcomes:

Task 2. To determine the group of genes differentially regulated by the ATF that are responsible for
enhancement of cell invasion (months 12-24)

a) To obtain a list of genes differentially regulated (up- and down-regulated) by the ATFs using DNA
microarrays (months 12-16).
     a1. Infect host cells with ATF DNA from Aim 1, pellet cells, extract RNA: month 12-13.

a2. Microarray hybridization and data analysis (UNC Microarray core facility, months 13-16)
Final product months 12-16: we expect to have a group of target genes differentially regulated by the ATFs.

Obtained Results and Discussion:

Previous work and follow-up work from year 1.
During year 1 we have successfully selected ATFs inducing invasive behavior in the non-invasive MCF-7 cell
line with 3ZF retroviral libraries linked to either the VP64 activator domain and the SKD repressor domain. The
retroviral vectors used for the transductions were the pMX-IRES-3ZF-library-VP64 and pMX-IRES-3ZF-
library-SKD. The GFP marker expressed in the retroviral vector allowed the tracking of the ATF-transduced
cells by flow cytometry.  In year 1 we have mainly focused our analysis on the ER+ non-invasive MCF-7 cell
line. These cells were used for the selection experiments described in Figure 1. We have recently generated in
the lab a MCF-7 cell line expressing a luciferase marker (MCF-7-luc), which will allow us to follow invasive
behavior in real time in a mouse model using Bioluminiscence Imaging, BLI (year 3, task 3 of our statement of
work)

Retroviral
ATF Libraries:
Activator/Repressor

Breast Cell
   LibraryNon invasive,

Non metastatic
Breast  cell lines:
hMEC-hTERT,
MCF10A, MCF7
  

Selection: matrigel
Invasion assays

Re-clone in the
retroviral vector

Propagate invasive
cells, extract genomic
DNA,PCR ATF-coding
sequences

Establish clones of
ATF-expressing
 cells

Invasion assays

Determine molecular
Signatures of invasion

*Differential
Microarrays

Compare with
expression profiles
of breast tumor
samples from patients

 Matrigel invasion
 chamber

Determine metastatic
potential in a
xenograft
In nude mice

Figure. 1. Strategy to select ATFs able to regulate in vitro breast cancer cell invasion using matrigel-
coated transwells. Cells are transduced with ATF libraries linked to activator or repressor domains.
Transduced cells are genetically different and comprise a breast cell library. In the library the ATFs have
the capability to up- or down-regulate any gene in the human genome. Thus, the transduced cells display
phenotypic plasticity. In order to select for ATFs up-regulating cell invasion we used boyden chambers.
Transduced cells are loaded in top compartment of the transwell in serum-free media and stimulated to
invade by adding 0.1-2% serum in the bottom well. Non-invading cells will be removed from the upper
well.  Cells able to pass through the matrigel matrix are recovered and propagated. ATFs are re-cloned in
the retroviral vector for next rounds of selections, as described above. Individual ATF expressing cells
were isolated for invasion assays, gene expression analysis (year 2) and mouse-based studies (year 3).



In the previous report, we have described the selection of ATFs from 3ZF pools in the MCF-7 cell line. We
have performed three rounds of selection for both activator, and repressor libraries.  We have additionally
isolated individual ATFs able to induce cell invasion in the MCF-7 cell line (Figure 2). We have sequenced
seven clones to verify the variability of the ZF pools. Based on the sequences of the ZF helices we have
determined the potential ATF-binding sites based on the predicted specificity of the ZF lexicons. In Figure 3,
we have shown the potential binding site for each individual activator clone. We have chosen Clone 3, Clone 15
and Clone 20 for further experiments based on their potential to induce an invasive phenotype in MCF-7 cells.

Figure 2. ATFs promote cell invasion in the MCF-7 breast cancer cell line. MCF-7 cells were transduced
with individual pMXactivator 3ZF clones selected by matrigel invasion assays. Transduced cells were
collected and processed by matrigel invasion assays, in 24-well format. Cells that passed through the
matrigel were fixed, stained, and counted under an inverted tissue culture microscope. Three wells per
clone were counted (four fields per well). The average of 12 fields and standard deviations are indicated.
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In this second year, we have additionally sub-cloned the ZF inserts (clones 3, 15, 20, Figure 2) from the pMX-
3ZF-VP64 (activator) selected constructs into the pMX-3ZF-SKD vector, which allows the expression of the
ZFs linked to a repressor effector domain. The resulting ZF transcriptional repressors were transduced into the
metastatic MDA-MB-231 breast cancer cell line. The objective of these experiments was to determine if the
repressor constructs were able to knock down cell invasion in the highly invasive MDA-MB-231 cells. As
shown in Figure 4,  these clones were able to reduce cell invasion by 90, 50 and 35%, respectively. Invasion
data was normalized to cells transduced with a control vector (empty vector).  

                                  ZF3___      ZF2                      ZF1                       DNA Binding Site               
  
 
Clone #2 DPGHLVR RSDKLVR RSDVLVR 5’-GGC GGG GTG -3’     
 
Clone #3 QAGHLAS QAGHLAS QRANLRA 5’-TGA TGA AAA -3’     
 
Clone #15 QAGHLAS RRDALNV QRANLRA 5’-TGA ATG AAA -3’    
 
Clone #20 REDNLHT RSDTLSN TSGELVR 5’-TAG AAG GCT -3’ 
 
Clone #22 QRANLRA DPGHLVR RSDVLVR 5’-AAA GGC GTG -3’ 
 
Clone #23 DPGALVR TSGSLVR TTGNLTV 5’-GTC GTT AAT -3’ 
 
Clone #24 QAGHLAS QSSSLVR QSSNLVR 5’-TGA GTA GAA -3’ 
 

Figure 3. Predicted DNA binding sites for 3ZF activator clones. Individual 3ZF activator clones that
exhibited enhanced invasive behavior were sequenced. The ZF DNA binding sites were obtained
determined according to the predicted specificity of the individual ZF lexicons. Aminoacids shown in
red, blue and pink represent the ZF α-helical positions –1, +3 and +6, which contact nucleotide
positions 3’, middle, and 5’, respectively.



We next focused subsequent initial expression studies on Clone-3 since it was able to strongly down-regulate
cell invasion in vitro. We investigated possible genes regulated by the activator ATF clone 3 by microarray
analysis. We transduced MCF-7 (non-invasive) cells with a control vector (empty retroviral vector) and with the
pMX-3ZF-VP64-Clone-3 (activator). We used the oligonucleotide microarrays created in the UNC-Chapel
Genomics Core Facility representing 18,861 human genes (http://genomicscore.unc.edu/). Both clone pMX-
3ZF-VP64-Clone-3 and control cells were processed with three independent biological samples and with three
different arrays.

MCF-7 cells (5x106 ) were transduced with pMX-3ZF-VP64-Clone-3 and Control retroviral construct. Cell
lysates from transduced cells (6 hr post-transduction) were homogenized by passing over a QIAshredder spin
column (Qiagen) and total RNA was isolated from the cell pellet using the RNeasy Mini Kit (Qiagen). The
synthesis of labeled cDNA and hybridizations were performed in the UNC-Chapel Hill genome Core. We
performed 3 independent microarray experiments for Clone 3 and Control cells. Microarray data was imported
into GeneSpring 6.1 (Silicon Genetics) and Excel (Microsoft). Genes that are significantly induced or repressed
were identified using the Significance Analysis of Microarrays (SAM) package Add-In for Micrososft Exel at

Figure 4. Individual 3ZF-SKD clones knock-down cell invasion when transduced in MDA-MB-231
breast cancer cell line. MDA-MB-231 cells transduced with the repressor vectors pMX-3ZF-SKD-Clone-
3, Clone-15 and Clone-20 and control cells (transduced with an empty retroviral vector) were assayed for
invasion using 24-well format Matrigel invasion chambers (BD Biosciences, San Jose, CA, USA) 120 h
post-transduction. Cells that passed through the matrigel were fixed, stained, and counted under an
inverted tissue culture microscope. Invasion data was normalized to control cells. Data represent an
average of three different experiments, 2 wells per clone were tested and four fields per well were
counted (*P=0.05, **P=0.01, ***P=0.001, as determined by Student’s t-test).



the Bioinformatics core facility at UNC. We compared the expression profiles of the pMX-3ZF-VP64-Clone-
3 transduced cells with control cells to determine the genes differentially regulated by the ATF-Clone-3. Table
1 shows the genes differentially regulated by ATF-Clone-3 relative to control cells (empty-virus transduced
cells). These arrays revealed a robust collection of 7 targets being differentially regulated by this ATF. Most of
these targets are important genes known to control cell cycle and control of cell morphology. We performed
real-time quantification using Taqman assays (Applied Biosystems) to verify the up-regulation of six of these
targets. We saw a robust up-regulation for all genes, but especially for Par-4/PAWR witch is a pro-apoptotic
protein that is decreased in cancer cells (Figure 5).

Table 1. Genes differentially regulated

Gene ID Gene name Function Fold regulation
NM_001261 Cyclin-dependent kinase 9

(CDK9)
Positive transcription elongation factor b,
which facilitates the transition from abortive
to production elongation by phosphorylating
the ctd (c-terminal domain) of the large
subunit of RNAp

2.9

NM_044472 Cell division cycle 42
(CDC42)

Regulates signaling pathways that control
diverse cellular functions including cell
morphology, migration, endocytosis and cell
cycle progression

1.6

NM_014255 Transmembrane protein 4
(TMEM4)

Positive regulator of neurite outgrowth by
stabilizing myosin regulatory light chain

0.6

NM_002583 PRKC, apoptosis, WT1,
regulator

Transcriptional activator/repressor 10.6

NM_001964 Early growth response
protein 1 (Egr-1)

Transcription factor involved in early
response signaling

4

NM_005348 Heat shock 90-kDa protein
1-α

Stress-related molecular chaperone 3.36

NM_005347 Heat shock 70-kDa protein 5 Stress-related molecular chaperone 2.78

We have processed by microarray analyses the the pMX-3ZF-VP64-Clone-15 and pMX-3ZF-VP64 Clone-20
transduce MCF-7 cells. presently they are being analyzed at the bioinformatics core facility. We are also
processing the pMX-3ZF-VP64-Clone-3, Clone-15 and Clone-20 in a time-course manner (4, 8, 12 hrs post-
transduction) by DNA-microarrays. The purpose of this time-course experiments is to evaluate also indirect
targets of the ATF or downstream genes. We also, plan to cluster the up-, down-regulated genes with available
transcriptional profiles of metastatic breast cancer specimens that are available at UNC from our collaborator
Dr.CM Perou. In collaboration with Dr. Brenda Temple in the bioinformatics core we will study if ATF-binding
sites (Figure 3, Clone 3, Clone-15 and Clone-20) are present in the promoter of the up-regulated genes (some
shown in Table 1).
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Figure 5. ATF#3 up-regulated expression of CDK9, Cdc42, PRKC, Egr1, Hsp90 and Hsp70. Real-time
quantification of microarray differentially up-regulated genes. Cells were transduced with a control retroviral
vector and ATF#3. After 6 h post-transduction, cells were collected, RNA extracted and processed by real-time
PCR. The relative fold up-regulation was calculated using cells traduced with a control vector and the 2ΔΔCt

method and GAPDH as a normalized control. Real-time quantification is an average of three independent
experiments.



KEY RESEARCH ACCOMPLISHMENTS

-Selection of pools of ATF activators able to induce invasive behavior in vitro using the MCF-7 host cell line

for the selections

-Isolation of single ATF activators with capability to up-regulate and down regulate cell  invasion in the MCF-7

-Isolation and characterization of ATF-REPRESSORS able to down-regulate invasive behavior in the metastatic

MDA-MB-231 breast cancer cell line.

-The identification of potential ATF-targets for ATFclone#3 (linked to an activator domain). These targets

could mediate regulation of cell invasion and metastases.



     REPORTABLE OUTCOMES

ABSTRACTS AND MANUSCRIPTS:

* Beltran, A., Liu, Y., Parikh, S., Brenda, T., and Blancafort, P. Interrogating genomes with combinatorial
transcription factor libraries: asking zinc finger questions. Assay Drug Dev Technol. 2006; 4:317-331

• Beltran, A., Parikh, S., Liu, Y., Cuevas, BD, Johnson GL, Fustcher, BW and Blancafort, P. Reactivation
of a dormant tumor suppressor by designed transcription factors. Oncogene. 2007;26:2791-8.

• Beltran, A., Sun, X., Lizardi, PM and Blancafort, P. Reprogramming epigenetic silencing: Artificial
Transcription Factors synergize with chromatin remodeling drugs to re-activate the tumor suppressor
maspin. Mol Cancer Ther. 2008; In Press

•  Blancafort P, Beltran AS. Rational Design, Selection and Specificity of Artificial Transcription Factors
(ATFs): The Influence of Chromatin in Target Gene Regulation. Comb Chem High Throughput Screen.
2008;11:146-58.

• Beltran, AS and Blancafort, P. Reprogramming epigenetic silencing with Artificial Transcription
factors. April 15th, 2008. AACR, experimental and molecular cancer therapeutics minisymposium. San
Diego, CA.

AWARDS

-V-Foundation award for breast cancer research to Pilar Blancafort,  May 2005

-SPORE breast cancer award UNC-Chapel Hill

-UCRF research  innovation award,  Lineberger Comprehensive Cancer center, The University of North
Carolina at Chapel Hill

-Golfer against Cancer research award, UNC-Chapel Hill



CELL LINES AND CLONES

-Retrovirally-transduced MCF-7 cells able to invade in vitro

-ATF-sequences and clones able to up-regulate cell invasion in the MCF-7 cell line

-Retrovirally transduced MDA-MB-231 cells able to reduce cell invasion

-Novel potential biomarkers of invasion/metastatic ability in the MDA-MB-231 breast cancer cell line.

-3ZF clones 3, 15 and 20 able to modulate cell invasion in the MCF-7 and MDA-MB-231 breast cancer cell line



   

CONCLUSION

In this report we have shown that we were able to isolate ATFs made of 3ZF domains linked to the VP64
activator domain up-regulating and down-regulating cell invasion in the non-invasive breast cancer cell line
MCF-7 and in the invasive cell line MDA-MB-231.  Several clones of ATFs were isolated and their sequences
were characterized. The most powerful ATFs  was processed by DNA-microarray in order to understand which
group of target genes are involved in activation of invasive programs.  Multiple ATF targets were identify with
potential effects on cell cycle control, differentiation and cell morphology.

“So What Section”
The molecular programs and genetic cascades responsible for the development of metastatic behavior remains
largely unknown. Thus, there is a need to dissect genes that cooperate for the development of metastasis. The
ATFs isolated in our work can provide clues about the target genes that generate metastatic behavior. In
addition, the advantage of ATFs is that they can be used in the future as direct regulators of these genes. An
ATF can be linked to different effector domains, which can repress or silence gene expression. Thus, we hope
that the future modification of these ATFs could interfere with gene expression and function in metastatic cell
lines. ATFs made of 3 ZF domains directed against the VEGF gene are presently in clinical trials. Thus, we
hope that the result of our work could lead to the future development of anti-metastatic reagents.
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Rational Design, Selection and Specificity of Artificial Transcription  
Factors (ATFs): The Influence of Chromatin in Target Gene Regulation 
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Abstract: Artificial Transcription Factors (ATFs) are engineered DNA-binding proteins designed to bind specific se-

quences of DNA. ATFs made of Zinc Finger (ZF) domains have been developed to regulate specific genes and pheno-

types both in cells and whole organisms. Recently, an emerging application of engineered DNA-binding domains include 

the specific editing of the genome, the ability to specifically cut, recombine, modify DNA and image protein-nucleic acid 

interactions in living cells. In this review we will summarize the techniques used for the rational design, screening and 

functional selection of ZF proteins in mammalian cell systems and their applications in areas of biotechnology, functional 

genomics and molecular therapeutics. The in vivo specificity of the engineered ATFs will be discussed, with particular 

emphasis on epigenetic modifications influencing ATF-DNA interactions. 

INTRODUCTION 

 In eukaryotes, the majority of chromosomal DNA carries 
non-coding functions. Complex genomes had to find ways 
not only to encapsulate information for decoding gene to 
protein, but also to ensure the proper spatio-temporal se-
quence of gene expression. Transcription Factors (TFs) are 
proteins which bind DNA and orchestrate which genes are 
going to be expressed in any given cell type and at any given 
time. The number and diversity of TFs appears to be higher 
in more complex genomes, indicating that TFs play an essen-
tial role in generating phenotypic plasticity. In segmented 
organisms, sophisticated TF-regulatory networks ensure the 
functional specification of each body part. It is not surprising 
that mutations, re-arrangements or improper expression of 
TFs often result in severe changes in phenotypes and in fatal 
diseases such as cancer. It is probable that the TF “pool” or 
TF-repertoire, the collection of TFs available for genomes to 
control gene expression, could contribute to phenotypic plas-
ticity during development, evolution of new organism’s body 
plans and also during neoplastic transformation (Fig. 1). 

 The major class of TFs comprises the Cys2-His2 zinc fin-
ger (ZF) DNA-Binding Domain (DBD). There are 900 ZF 
proteins encoded in the human genome, representing ap-
proximately 2% of its coding capacity [1-4]. Distinctive fea-
tures of ZF-containing proteins revealed by structural analy-
ses include their DNA-sequence selectivity and multi-
modularity. Arrays of ZF domains “travel” around the DNA 
major groove and read structural information by making spe-
cific H-bonds with the DNA nucleotides. The side chains of 
the ZFs recognize one or more strands of the double stranded 
DNA in an antiparallel recognition mode, similarly to a tri-
ple-helix configuration. The discovery of specific “rules” of 
recognition between the ZF’s amino acid side chains and the 
DNA led to the emerging field of engineering Artificial  
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Transcription Factors (ATFs). The goal of transcription fac-
tor bioengineering is to change the specificity of transcrip-
tion factors by modifying the amino acid residues that are 
responsible for direct contact with the DNA. The resulting 
ATF can then be used to bind specific sequences in a com-
plex genome, to perturb gene expression at a single locus 
level or by altering the entire transcriptional network, to 
modify DNA, and to image DNA-protein interactions in a 
given cell. 

 

 

 

 

 

 

 

 

 

Fig. (1). Genomes control gene expression using a transcription 

factor repertoire, which leads to phenotypic plasticity during devel-

opment, evolution of new organisms or neoplastic transformation. 

 Many excellent reviews in the topic of ATFs have been 
published in the last five years [5-13]. In this paper we will 
review the methodologies used to isolate designed DNA-
binding domains with special emphasis on high-throughput 
cell-based screening assays for the isolation of ATFs with 
functional activity in vivo. When delivered in mammalian cells 
or even in whole-organisms, ATFs can be selected to induce 
complex phenotypes and reprogram cells. Related to this 
point, we will also discuss the importance of chromatin struc-
ture or “chromatin context” in defining the specificity of an 
ATF for a given target gene. With the emergence of the novel 
field of epigenetics, a new paradigm addressing the “in vivo” 
specificity of ATFs is arising. In a context of a living cell, 
specificity might not simply be dictated by a “3D-recognition 
code” defining the stereochemical interaction between amino 
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domains with distinct DNA-1inding capa1ilities 61-2, 20;. 
The initial e>periments were performed using the phage dis-
play techniCue 1y multiple la1oratories 62D-31;. Fn these 
e>periments, GF li1raries were generated on the surface of  
 

the 1acteriophage IFig. !"J. Typically, the recognition !-
heli> of one of the GFs of the 3GF protein Gif2D8 was ran-
domiLed. The GF li1rary comprised a randomiLation of the 
N-terminal residues of the recognition heli> Ipositions M1 to  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

$%&' (2*' Modular assem1ly of GF proteins. I"J Crystal structure of a three-GF protein Gif2D8 1ound to DNA 61;. I+J Model of DNA recogni-

tion of a three-GF protein with a 9-1p DNA su1strate. I,J Molecular model of a designed DGF protein 1inding the DNA major groove. 
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revealed that proteins bind DNA at both upstream coding 
regions but also in intergenic sequences. The binding of 
Rap1 involves approximately 5% of yeast genes, targeting 
294 loci [61]. Similarly, it is estimated that a 3ZF endoge-
nous TF such as SP1 would bind in the order of 12,000 sites 
in the human genome [62]. Nevertheless, a binding event 
might not have influence in transcription as most sequences 
in the genome don’t have regulatory potential. For a highly 
specific TF, such as a 6ZF ATF, it is expected to have many 
fewer binding events in the genome. The !"#$%&'#!(" of ge-
nome-wide ChIP-on-chip experiments [62-65] and bioinfor-
matics approaches (such as ProSITE [66-67] using the pre-
dicted ATF-binding site as a probe) is perhaps the most ac-
curate way to evaluate the genomic specificity of a given 
ATF. However, genome-tiled arrays required for genome-
wide ChiP-on-chip assays are fairly expensive and involve 
specialized technology, perhaps explaining why these ex-
periments have not extensively been used for the study of !")
*!*( ATF-DNA interactions. Nevertheless, investigators are 
strongly encouraged to analyze the genome-specificity of 
their constructed ATFs as some 6ZF proteins could have 
“off-target” effects. The recent development of genome-wide 
chromatin immunoprecipitation assay linked to ultrahigh-
throughput DNA sequencing (ChIPSeq [68-70]) could be 
applied for the future mapping of ATF-DNA interactions. In 
addition, the integration of novel methods for the generation 
of genome-wide chromatin structure maps [71-72] with gene 

expression profiles could help investigators to predict func-
tional ATF-DNA interactions, as it has been described for 
the TF Myc [73]. As high-throughput mapping of chromatin 
structure in promoters becomes available for many cells 
lines, investigators could use this information to target ATF-
binding sites. 

EFFECTOR FUNCTIONS LINKED TO THE DNA-
BINDING-DOMAIN 

 Many effector domains (EDs) and enzymatic activities 
can be engineered in conjunction with the designed DBD. 
Typically, these include specific activation or repression of 
particular cellular targets, and also, an emerging body of 
applications takes advantage of modification of the genome 
or “genome editing”. 

 Some of the most common EDs used for gene activation 
is the herpes simplex virus VP16 activation domain, its engi-
neered tetramer VP64 [33], and the p65 domain of the tran-
scription factor NFkB [74]. In these designs the activator 
associates with the mediator protein, which interacts with co-
activators and with the polymerase-II transcriptional com-
plex and associated enzymes, facilitating transcription. Some 
of the enzymatic activities of this complex include Histone 
Acetyltransferases (HAT) [75-76] and the SWI/SNF [77] 
chromatin remodeling enzymes. In contrast, repressor EDs 
like the Kruppel associated box (KRAB) [33, 78], the ligand-

Table 1. Endogenous genes regulated by Artificial Transcription Factors 
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binding domain of thyroid hormone receptor alpha or its 
viral relative, vErbA [57], the mSin3 interaction domain 
(SID) and the ERF repressor domain [79-80], interact with 
transcriptional co-repressors and chromatin condensing en-
zymes, resulting in decreased accessibility of the promoter 
for TFs and the polymerase complex [81, 82]. Recently, sev-
eral groups have achieved transcriptional silencing by attach-
ing the ZF DBDs with a methyltransferase domain (Table 1). 
An attractive feature of this approach is that the incorpora-
tion of this epigenetic modification confers stably inherited 
gene silencing [56]. Methyltransferases catalyze the incorpo-
ration of methyl groups in position 5 of a cytosine base in 
CpG islands. The methylated CpG islands are bound in vivo 
by methyl-binding-proteins (MBPs) which are part of a re-
pressive complex containing histone deacetylase (HDCA) 
and methyltransferase enzymes. As a result, the promoter 
structure becomes inaccessible to the TFs and DNA-
polymerase [83-84]. Other recent applications of engineered 
ZF DBDs include the ability to specifically recombine and 
cleave DNA using recombinase [85-86] and Fok-1 nuclease 
domains [87-88]. The ZF linked to a Fok-1 domain has be-
come a promising tool for homologous recombination. In 
this design, two chimeras composed by a ZF linked to a 
Folk-1 domain have to be constructed and must dimerize 
properly in order to cleave the DNA. 

 An emerging application of designer DBDs is the in vivo 
imaging of DNA-protein interactions. Two designed 3ZF 
domains targeting contiguous 9-bp sites are linked to a split-
GFP molecule [89] or to a TEM-1 !-lactamase enzymatic 
protein domain [90]. When the two 3ZF moieties bind their 
contiguous target sites, a functional GFP or enzymatic func-
tion is restored [91]. Even though these experiments have 
been performed in reporter and in in vitro assays, they have 
the potential to be applied in the context of the genome. 
Thus, this would provide a unique methodology to assess 
changes of chromatin structure or accessibility of DNA-
binding sites for TFs in real-time on a single cell level. 

 Our laboratory has investigated the importance of chro-
matin structure in ATF-mediated regulation of endogenous 
genes. We have targeted the tumor suppressor gene mam-
mary serine protease inhibitor (maspin), which acts as tumor 
and metastasis suppressor for many malignancies, including 
breast, prostate and lung cancer [92]. The maspin gene is 
found silenced in metastatic tumors but unlike other tumor 
suppressors, the gene is not found mutated or rearranged in 
tumor cells [93]. Instead, the maspin promoter is found in a 
dormant state in metastatic cells by means of epigenetic 
mechanisms, comprising DNA-methylation and transcrip-
tional repression (Fig. 5). We have constructed 6ZF ATFs 
binding 18-bp sites along the maspin proximal promoter 
[51]. We found that the efficiency of ATF regulation highly 
depended on the epigenetic status of the promoter. In cells 
lines carrying a non-methylated promoter, such as the poorly 
aggressive MDA-MB-468 breast cancer cell line, two 
proximal ATFs, ATF-97 and ATF-126, were both able to up-
regulate the promoter. However, in the context of a methy-
lated maspin promoter, as in the MDA-MB-231 cell line, 
only one ATF, ATF-126, was able to substantially regulate 
the promoter. We found that the up-regulation achieved by 
ATFs was inversely correlated with the degree of DNA-
promoter methylation. Methylated DNA in CpG islands act 
as a substrate for methyl-binding proteins, which are associ-

ated with several enzymatic activities, incuding methyltrans-
ferase and histone deacetylase. As a result, the promoter be-
comes inaccessible to TF binding [94-96]. Thus, our results 
strongly suggest that the structure of the chromatin, which is 
dynamically controlled by modifications such as DNA and 
histone methylation and acetylation, could physically restrict 
the access of ATFs to their target binding sequences. 

 Recent advances in the field of epigenetics have outlined 
the importance of the histone modification “code” in gene 
transcription [97]. Histones are subjected to a vast array of 
post-transcriptional modifications, including methylation, 
acetylation, ubiquitination, ADP-ribosylation, sumolation 
and phosphorylation. Certain modifications, such as acetyla-
tion of Histone 3 and Histone 4 (H3 and H4) or di- or tri-
methylation of H3K4 are associated with active transcription 
and are referred to as euchromatin modifications. Modifica-
tions localized in inactive regions, such as H3K9me and 
H3K27me are often designated as heterochromatin modifica-
tions. Most modifications are distributed in distinct patterns 
in the upstream region, core promoter, 5’ end of an Open 
Reading Frame (ORF) and at the 3’ end of an ORF. Indeed, 
the exact combination of chemical modifications both at 
DNA and histone level is highly regulated and could influ-
ence the physical access of ATFs and the concomitant re-
cruitment of the DNA-polymerase complex [98]. For exam-
ple, specific methylation is regulated both by methyltrans-
ferases and specific demethylases [99]. This complex “lan-
guage” of chromatin modifications is rather dynamic, and 
could be subjected to change in a given cell in response to 
different stimuli and also could change during disease stages 
and in between cell types, dictating the transcriptional out-
put. In addition, recent data also demonstrates that nu-
cleosome-positioning in the chromatin is also a dynamic 
process [98, 100-101]. The major structural component of 
chromatin, the linker histone H1 and its variants, which are 
associated with more than 80% of the nucleosomes in a 
mammalian nucleus, have variable residence time, ranging 
between 1-3 min in interphase. Residence times are highly 
variable and subjected to changes depending on the cell cy-
cle and several competing factors [98]. These include TFs 
and remodeling enzymes [102], which modify or mobilize 
the nucleosomes, a process referred as nucleosome eviction 
[98, 103]. Hence, nucleosomes could interfere with ATF-
binding under the proper physiological conditions and in 
particular cell types. This could also be subject to change 
under the proper regulatory cues. On the other hand, ATFs 
could per se act as destabilizing factors for nucleosomes, 
promoting nucleosome eviction. Importantly, very little in-
formation is available as to how transcriptional gene com-
plexes and chromatin are associated in the 3D space of the 
nucleus. Recent advances have shown that chromosomes 
undergo an extensive network of communication, and genes 
could be regulated by “TF factories” both in cis (within the 
same regulatory region) and in trans (interaction with a 
closely localized region of another chromosome) [104]. In 
conclusion, a main determinant of ATF-specificity in vivo is 
the structure of the chromatin, and now we understand ATF-
DNA interactions as rather plastic events, changing depend-
ing on the physiologic state of cells and tissues, and sub-
jected to chromatin “rules”. Thus, a more complex and futur-
istic ATF design will involve the targeting or the modifica-
tion of the chromatin, both at histone and DNA level, to fa-
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cilitate the proper ATF-access on specific targeted sequences 
on the DNA. This will be possible as more information be-
comes available to understand the intrinsic epigenetic gram-
mar at given promoter sites. 

SCREENING AND PHENOTYPIC SELECTION OF 
ATF-LIBRARIES 

 As expressed above, one major factor that restricts the in 
vivo activity of ATFs is the chromatin structure. This has 
inspired the development of ATF-libraries, or combinatorial 
repertoires of ZFs, which are shuffled to generate many 
DNA-binding specificities, in the order of 10

4
-10

8
 different 

DNA-binding specificities (Fig. 6). ATF libraries have been 

generated with both phage display-selected [33, 36, 52, 105] 
and endogenous ZF domains [106-108]. The size of the li-
brary depends on the number of ZF blocks that are recom-
bined. For example, our 3ZF ATF libraries comprise ap-
proximately 10

4
 members, whereas than 6ZF libraries com-

prise 10
8
 members. The resulting recombined ZF domains 

are linked to different effector domains, such as activators or 
transcriptional repressors. When delivered in complex ge-
nomes, the ATF-libraries induce genome-wide experimental 
perturbations of gene expression. Given the complex size of 
the libraries, particularly 6ZF libraries comprising approxi-
mately 10

8
 members, any gene in a given genome has the 

potential to be up- or down-regulated. ATF pools have been 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (5). Influence of chromatin in ATF-regulation. (a) Maspin promoter showing the sequence and binding sites of ATF-97, ATF-126 and 

ATF-452 Artificial Transcription Factors. Some of the response elements for known transcription factors are indicated [51]. (b) ATFs regu-

late maspin expression in MDA-MB-468 and MDA-MB-231 breast cancer cell lines. Both, ATF-97 and ATF-126 are able to up-regulate 

maspin in MDA-MB-468. However, only ATF-126 restores maspin expression in MDA-MB-231, a cell line carrying a methylated maspin 

promoter. Breast cancer cell lines were transduced with a retroviral vector expressing ATF-97, ATF-126, ATF-452 and a control (empty 

retroviral vector). 



10     Combinatorial Chemistry & High Throughput Screening, 2008, Vol. 11, No. 2 Blancafort and Beltran 

delivered in complex systems, such as bacteria [109-110], 
yeast [111-113], mammalian cells [37, 52, 59, 60], or even in 
plant cells [114-115]. ATFs can be delivered using either 
transient or integrative expression vectors. Retroviral librar-
ies are particularly interesting since they can transduce a 
variety of mammalian cell types, specially transformed cell 
types, and since they integrate in the genome they induce 
stable phenotypes. Upon delivery, the ATF libraries can in-
duce a myriad of phenotypes. We have recently reviewed 
several phenotypic screens used to identify ATFs from com-
binatorial libraries [12, 126]. For example, ATF-libraries 
have been used to induce neoplastic disease progression 
phenotypes [59] and neural differentiation [127]. In yeast, 
ATF-libraries induced phenotypes involved in drug resis-
tance [124, 126, 127, 130]. In addition, ATF screens are of 
interest in biotechnology since allow the isolation of yeast 
and mammalian cells, which increase the production of re-
combinant proteins [128]. 

 As shown in Fig. 6, the cells carrying the phenotype of 
interest can be propagated. The ATF is then isolated and 
used as a molecular probe to dissect genes involved in com-
plex phenotype specifications. Complex ZF libraries such as 
6ZF libraries have the advantage to be potentially more spe-
cific in the genome than smaller ATF libraries, such as 3ZF 
libraries. However, complex ATF libraries require high-
throughput screening assays to identify phenotypes, and that 
can be done for example in 96 screening wells. With the de-
velopment of robotic high-throughput screening microscopes 

[116-117] cells displaying a particular phenotype can be iso-
lated. The ATF-encoded DNA is recovered from the cells 
and additional screenings are performed to isolate ATFs hav-
ing the desired activity. Single clones of ATFs are next 
tested for biological activity. Several assays such as differen-
tial DNA microarray, bioinformatics searches, and ChIP 
assays can be performed to evaluate the direct genes that are 
targets of the ATFs. The sequencing of the ATF provides 
information of the potential targets of the ATF on the ge-
nome and allows the mapping of the ATFs in given promot-
ers. 

 We have recently performed genomic screenings of 
ATFs in tumor cells and selected ATFs able to induce com-
plex phenotypes, such as multidrug resistance [59, 126] and 
induction of metastatic behavior [59]. The selected ATFs can 
be used to identify novel biomarkers of disease progression 
and to identify genetic networks, which are involved in com-
plex phenotypes. 

 In conclusion, ATFs represent a valuable technology to 
re-program complex phenotypes in cells and tissues by 
modification of gene transcription in one particular locus or 
by altering the entire genetic transcriptional network of cells. 
Other innovative applications of this new technology involve 
the modification or editing of the genome and the imaging of 
protein-DNA interactions in living cells. Further develop-
ment of this technology will involve the generation of viral 
and non-viral delivery systems for the expression of the 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (6). Endogenous zinc finger (ZF) library selections in mammary cells. The zinc finger libraries are linked to an effector domain and 

delivered into cells using viral transduction or transient tranfection. The resulting ATF-expressing cell population displays phenotypic plas-

ticity. Next, a phenotypic screen is performed. Specific phenotypes are expanded in subsequent rounds of selection. Genome-wide expression 

analyses are performed next to evaluate the genes contributing to phenotype specification. 
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ATF-encoded DNA or the ATF protein in the proper cell 
type, tissue or organ. Additionally, more investigations need 
to be performed to study the genome-wide specificity of the 
ATFs in a given cell type. In the immediate future, ATFs 
could be applied in molecular therapeutics for the treatment 
of a variety of complex diseases and phenotypes, including 
angiogenesis, tumor cell growth and metastasis. 

ACKNOWLEDGEMENTS 

 We thank to Brenda Temple for the critical reading of the 
manuscript. This work was supported by the NIH/NCI grant 
1R01CA125273-01, an American Lung Association & 
LUNGevity Foundation (LD-17098-N), a V-Foundation 
Award and a DoD idea award (BC051475) to PB. 

ABBREVIATIONS 

ZF = Zinc Finger 

CAST = Cyclic Amplification of Selected Targets 

EMSA = Electromobility Shift Experiments 

WB = Western Blot 

bp = Base Pair 

REFERENCES 

[1] Pavletich, N.P.; Pabo, C.O. Science, 1991, 252, 809-17. 

[2] Elrod-Erickson, M.; Rould, M.A.; Nekludova, L.; Pabo, C.O. 
Structure, 1996, 4, 1171-80. 

[3] Tupler, R.; Perini, G.; Green, M.R. Nature, 2001, 409, 832-3. 
[4] Venter, J.C.; Adams, M.D.; Myers, E.W.; Li, P.W.; Mural, R.J.; 

Sutton, G.G.; Smith, H.O.; Yandell, M.; Evans, C.A.; Holt, R.A.; 
Gocayne, J.D.; Amanatides, P.; Ballew, R.M.; Huson, D.H.; Wort-

man, J.R.; Zhang, Q.; Kodira, C.D.; Zheng, X.H.; Chen, L.; Skup-
ski, M.; Subramanian, G.; Thomas, P.D.; Zhang, J.; Gabor-Miklos, 

G.L.; Nelson, C.; Broder, S.; Clark, A.G.; Nadeau, J.; McKusick, 
V.A.; Zinder, N.; Levine, A.J.; Roberts, R.J.; Simon, M.; Slayman, 

C.; Hunkapiller, M.; Bolanos, R.; Delcher, A.; Dew, I.; Fasulo, D.; 
Flanigan, M.; Florea, L.; Halpern, A.; Hannenhalli, S.; Kravitz, S.; 

Levy, S.; Mobarry, C.; Reinert, K.; Remington, K.; Abu-Threideh, 
J.; Beasley, E.; Biddick, K.; Bonazzi, V.; Brandon, R.; Cargill, M.; 

Chandramouliswaran, I.; Charlab, R.; Chaturvedi, K.; Deng, Z.; Di 
Francesco, V.; Dunn, P.; Eilbeck, K.; Evangelista, C.; Gabrielian, 

A.E.; Gan, W.; Ge, W.; Gong, F.; Gu, Z.; Guan, P.; Heiman, T.J.; 
Higgins, M.E.; Ji, R.R.; Ke, Z.; Ketchum, K.A.; Lai, Z.; Lei, Y.; Li, 

Z.; Li, J.; Liang, Y.; Lin, X.; Lu, F.; Merkulov, G.V.; Milshina, N.; 
Moore, H.M.; Naik, A.K.; Narayan, V.A.; Neelam, B.; Nusskern, 

D.; Rusch, D.B.; Salzberg, S.; Shao, W.; Shue, B.; Sun, J.; Wang, 
Z.; Wang, A.; Wang, X.; Wang, J.; Wei, M.; Wides, R.; Xiao, C.; 

Yan, C.; Yao, A.; Ye, J.; Zhan, M.; Zhang; W.; Zhang, H.; Zhao, 
Q.; Zheng, L.; Zhong, F.; Zhong, W.; Zhu, S.; Zhao, S.; Gilbert, D.; 

Baumhueter, S.; Spier, G.; Carter, C.; Cravchik, A.; Woodage, T.; 
Ali, F.; An, H.; Awe, A.; Baldwin, D.; Baden, H.; Barnstead, M.; 

Barrow, I.; Beeson, K.; Busam, D.; Carver, A.; Center, A.; Cheng, 
M.L.; Curry, L.; Danaher, S.; Davenport, L.; Desilets, R.; Dietz, S.; 

Dodson, K.; Doup, L.; Ferriera, S.; Garg, N.; Gluecksmann, A.; 
Hart, B.; Haynes, J.; Haynes, C.; Heiner, C.; Hladun, S.; Hostin, 

D.; Houck, J.; Howland, T.; Ibegwam, C.; Johnson, J.; Kalush, F.; 
Kline, L.; Koduru, S.; Love, A.; Mann, F.; May, D.; McCawley, S.; 

McIntosh, T.; McMullen, I.; Moy, M.; Moy, L.; Murphy, B.; Nel-
son, K.; Pfannkoch, C.; Pratts, E.; Puri, V.; Qureshi, H.; Reardon, 

M.; Rodriguez, R.; Rogers, Y.H.; Romblad, D.; Ruhfel, B.; Scott, 
R.; Sitter, C.; Smallwood, M.; Stewart, E.; Strong, R.; Suh, E.; 

Thomas, R.; Tint, N.N.; Tse, S.; Vech, C.; Wang, G.; Wetter, J.; 
Williams, S.; Williams, M.; Windsor, S.; Winn-Deen, E.; Wolfe, 

K.; Zaveri, J.; Zaveri, K.; Abril, J.F.; Guigo, R.; Campbell, M.J.; 
Sjolander, K.V.; Karlak, B.; Kejariwal, A.; Mi, H.; Lazareva, B.; 

Hatton, T.; Narechania, A.; Diemer, K.; Muruganujan, A.; Guo, N.; 
Sato, S.; Bafna, V.; Istrail, S.; Lippert, R.; Schwartz, R.; Walenz, 

B.; Yooseph, S.; Allen, D.; Basu, A.; Baxendale, J.; Blick, L.; 
Caminha, M.; Carnes-Stine, J.; Caulk, P.; Chiang, Y.H.; Coyne, 

M.; Dahlke, C.; Mays, A.; Dombroski, M.; Donnelly, M.; Ely, D.; 

Esparham, S.; Fosler, C.; Gire, H.; Glanowski, S.; Glasser, K.; 

Glodek, A.; Gorokhov, M.; Graham, K.; Gropman, B.; Harris, M.; 
Heil, J.; Henderson, S.; Hoover, J.; Jennings, D.; Jordan, C.; Jor-

dan, J.; Kasha, J.; Kagan, L.; Kraft, C.; Levitsky, A.; Lewis, M.; 
Liu, X.; Lopez, J.; Ma, D.; Majoros, W.; McDaniel, J.; Murphy, S.; 

Newman, M.; Nguyen, T.; Nguyen, N.; Nodell, M.; Pan, S.; Peck, 
J.; Peterson, M.; Rowe, W.; Sanders, R.; Scott, J.; Simpson, M.; 

Smith, T.; Sprague, A.; Stockwell, T.; Turner, R.; Venter, E.; 
Wang, M.; Wen, M.; Wu, D.; Wu, M.; Xia, A.; Zandieh, A.; Zhu, 

X. Proc. Natl. Acad. Sci. USA, 2001, 98, 4136-41. 
[5] Beerli, R.R.; Barbas, C.F. 3rd. Nat. Biotechnol., 2002, 20, 135-41. 

[6] Segal, D.J.; Beerli R.R.; Blancafort, P.; Dreider, B.; Effertz, K.; 
Huber, A.; Koksch, B.; Magnenat, L.; Valente, D.; Barbas, C.F. 

3rd. Biochemistry, 2003, 42, 2137-48. 
[7] Collins, C.H.; Yokobayashi, Y.; Umeno, D.; Arnold, F.H. Curr. 

Opin. Biotechnol., 2003, 14, 371-8. 
[8] Lee, D.K.; Seol, W.; Kim, J.S. Curr. Top. Med. Chem., 2003, 3, 

645-57. 
[9] Dhanasekaran, M.; Negi, S.; Sugiura, Y. Acc. Chem. Res., 2006, 

39, 45-52. 
[10] Moore, M.; Ullman, C. Brief Funct. Genomic Proteomic, 2003, 1, 

342-55. 
[11] Gommans, W.M.; Haisma, H.J.; Rots, M.G. J. Mol. Biol., 2005, 

354, 507-19. 
[12] Beltran, A.; Liu, Y.; Parikh, S.; Temple, B.; Blancafort P. Assay 

Drug Dev. Technol., 2006, 4, 317-331. 
[13] Papworth, M.; Kolasinska, P.; Minczuk, M. Gene, 2006, 366, 27-

38. 
[14] Iuchi, S. Cell Mol. Life. Sci., 2001, 58, 625-35. 

[15] Lee, M.S.; Gippert, G.P.; Soman, K.V. Science, 1989, 245, 635–
637. 

[16] Clarke, N.D.; Berg, J.M. Science, 1998, 282, 2018-22 
[17] Blancafort, P.; Steinberg, S.V.; Paquin, B.; Klinck, R.; Scott, J.K.; 

Cedergren, R. Chem. Biol., 1999, 6, 585-97. 
[18] Tso, J.Y.; Van Den Berg, D.J.; Korn, L.J. Nucleic Acids Res., 1986, 

14, 2187-200. 
[19] Fairall, L.; Schwabe, J.W.; Chapman, L.; Finch, J.T.; Rhodes, D. 

Nature, 1993, 366, 483-7. 
[20] Pabo, C.O.; Peisach, E.; Grand, R.A. Annu. Rev. Biochem., 2001, 

70, 313–40 
[21] Pabo, C.O.  Nat. Biotechnol., 2006, 24, 954-5. 

[22] Kim, J.S.; Pabo, C.O. Proc. Natl. Acad. Sci. USA, 1998, 95, 2812–
17. 

[23] Wolfe, S.A.; Ramm, E.I.; Pabo, C.O. Structure, 2000, 8, 739–50. 
[24] Wang, B.S.; Pabo, C.O. Proc. Natl. Acad. Sci. USA, 1999, 96, 

9568–73 
[25] Imanishi, M.; Yan, W.; Morisaki, T.; Sugiura, Y. Biochem. Biophys 

Res. Commun., 2005, 333, 167-73. 
[26] Rebar, E.J.; Pabo, C.O. Science, 1994, 263, 671-3. 

[27] Jamieson, A.C.; Kim, S.H.; Wells J.A. Biochemistry, 1994, 33, 
5689-95 

[28] Choo, Y.; Klug, A. Proc. Natl. Acad. Sci. USA, 1994, 91, 11168-
72. 

[29] Segal, D.J.; Dreier, B.; Beerli, R.R.; Barbas, C.F. 3rd. Proc. Natl. 
Acad. Sci. USA, 1999, 96, 2758-63. 

[30] Dreier, B.; Beerli, R.R.; Segal, D.J.; Flippin, J.D.; Barbas, C.F. 3rd. 
J. Biol. Chem., 2001, 276, 29466-78. 

[31] Dreier, B.; Fuller, R.P.; Segal, D.J.; Lund, C.; Blancafort, P.; 
Huber, A.; Koksch, B.; Barbas, C.F. 3rd. J. Biol. Chem., 2005, 280, 

35588-97 
[32] Isalan, M.; Klug, A.; Choo, Y. Biochemistry, 1998, 37, 12026-33. 

[33] Beerli, R.R.; Segal, D.J.; Dreier, B.; Barbas, C.F. 3rd. Proc. Natl. 
Acad. Sci. USA, 1998, 95, 14628-33. 

[34] Wolfe, S.A.; Greisman, H.A.; Ramm, E.I.; Pabo, C.O. J. Mol. Biol., 
1999, 285, 1917-34. 

[35] Beerli, R.R.; Dreier, B.; Barbas, C.F. 3rd. Proc. Natl. Acad. Sci. 
USA, 2000, 97, 1495-500. 

[36] Segal, D.J.; Beerli R.R.; Blancafort, P.; Dreider, B.; Effertz, K.; 
Huber, A.; Koksch, B.; Magnenat, L.; Valente, D.; Barbas, C.F. 

3rd. Biochemistry, 2003, 42, 2137-48. 
[37] Blancafort, P.; Segal, D.J.; Barbas, C.F. 3rd. Mol. Pharmacol., 

2004, 66, 1361-71. 
[38] Greisman, H.A.; Pabo, C.O. Science, 1997, 275, 657-61. 

[39] Isalan, M.; Choo, Y. Methods Mol. Biol., 2001, 148, 417-29. 



12     Combinatorial Chemistry & High Throughput Screening, 2008, Vol. 11, No. 2 Blancafort and Beltran 

[40] Ihara, H.; Mie, M.; Funabashi, H.; Takahashi, F.; Sawasaki, T.; 

Endo, Y.; Kobatake, E. Biochem. Biophys Res. Commun., 2006, 
345, 1149-54. 

[41] Zhang, Z.R.; Hughes, M.D.; Morgan L.J.; Santos, A.F.; Hine, A.V. 
Biotechniques, 2003, 35, 988-90. 

[42] Zhang, Z.R.; Palfrey, D.; Nagel, D.A.; Lambert, P.A.; Jessop, R.A.; 
Santos, A.F.; Hine, A.V. Biotechniques, 2003, 35, 980-6. 

[43] Houghten, R.A.; Dooley, C.T.; Appel J.R. Bioorg. Med. Chem. 
Lett., 2004, 14, 1947-51. 

[44] Hurt, J.A.; Thibodeau, S.A.; Hirsh, A.S.; Pabo, C.O.; Joung, J.K. 
Proc. Natl. Acad. Sci. USA, 2003, 100, 12271-6. 

[45] Joung, J.K.; Ramm, E.I.; Pabo, C.O. Proc. Natl. Acad. Sci. USA, 
2000, 96, 7382-7. 

[46] Meng, X.; Thibodeau-Beganny, S.; Jiang, T.; Joung, J.K.; Wolfe, 
S.A. Nucleic Acids Res., 2007, 35, 81. 

[47] Liu, Q.; Segal, D.J.; Ghiara, J.B.; Barbas C. Proc. Natl. Acad. Sci. 
USA, 1997, 94, 5525-30. 

[48] Tan, S.; Guschin, D.; Davalos, A.; Lee, Y.L.; Snowden, A.W.; 
Jouvenot, Y.; Zhang, H.S.; Howes, K.; McNamara, A.R.; Lai, A.; 

Ullman, C.; Reynolds, L.; Moore, M.; Isalan, M.; Berg, L.P.; Cam-
pos, B.; Qi, H.; Spratt, S.K.; Case, C.C.; Pabo, C.O.; Campisi, J.; 

Gregory, P.D. Proc. Natl. Acad. Sci. USA, 2003, 98, 11997-2002. 
[49] Mandell, J.G.; Barbas, C.F. 3rd. Nucleic Acids Res., 2006, 34, 

W516-23. 
[50] Sander, J.D.; Zaback, P.; Joung, J.K.; Voytas D.F.; Dobbs D. Nu-

cleic Acids Res., 2007, 35, 1-7. 
[51] Beltran, A.; Parikh, S.; Liu, Y.; Cuevas, B.D.; Johnson, G.L.; 

Futscher, B.W.; Blancafort, P. Oncogene, 2007, 26, 2791-8. 
[52] Blancafort, P.; Magnenat, L.; Barbas, C.F. 3rd. Nat. Biotechnol., 

2003, 21, 269-74. 
[53] Crotty, J.W.; Etzkorn, C.; Barbas, C.F. 3rd; Segal, D.J.; Horton, 

N.C. Acta Crystallogr. Sect. F Struct. Biol. Cryst. Commun., 2005, 
61, 573-6. 

[54] Eberhardy, S.R.; Goncalves, J.; Coelho, S.; Segal, D.J.; Berkhout, 
B.; Barbas, C.F. 3rd. J. Virol., 2006, 80, 2873-83. 

[55] Carvin, C.D.; Parr, R.D.; Kladde, M.P. Nucleic Acids Res., 2003, 
31, 6493-501. 

[56] Xu, G.L.; Bestor, T.H. Nat. Genet., 1997, 17, 376-8. 
[57] Snowden, A.W.; Gregory, P.D.; Case, C.C.; Pabo, C.O. Curr. Biol., 

2002, 24, 2159-66. 
[58] Klug, A. FEBS Lett., 2005, 579, 892-4. 

[59] Blancafort, P.; Chen, E.I.; Gonzalez, B.; Bergquist, S.; Zijlstra, A.; 
Guthy, D.; Brachat, A.; Brakenhoff, R.H.; Quigley, J.P.; Erdmann, 

D.; Barbas, C.F. 3rd. Proc. Natl. Acad. Sci. USA, 2005, 102, 11716-
21. 

[60] Magnenat, L.; Blancafort, P.; Barbas, C.F. 3rd. J. Mol. Biol., 2004, 
341, 635-49. 

[61] Lieb, J.D.; Liu, X.; Botstein, D.; Brown, P.O. Nat. Genet., 2001, 
28, 327-34 

[62] van Steensel, B. Nat. Genet., 2005, 37,18-24. 
[63] Elnitski, L.; Jin, V.X.; Farnham, P.J.; Jones, S.J. Genome Res., 

2006, 16, 1455-64. 
[64] Kirmizis, A.; Farnham, P.J. Exp. Biol. Med., 2004, 229, 705-21. 

[65] Oberley, M.J.; Tsao, J.; Yau, P.; Farnham, P.J. Methods Enzymol., 
2004, 376, 315-34. 

[66] Wu, C.H.; Zhao, S.; Chen, H.L. J. Comput. Biol., 1996, 3, 547-61. 
[67] Bohm, S.; Frishman, D.; Mewes, H.W. Nucleic Acids Res., 1997, 

25, 2464-9. 
[68] Johnson, D.S.; Mortazavi, A.; Myers, RM.; Wold B. Science, 2007, 

316, 1497-502. 
[69] Fiels, S. Science, 2007, 316, 1441-2. 

[70] Robertson, G.; Hirst, M.; Bainbridge, M.; Bilenky, M.; Zhao, Y.; 
Zeng, T.; Euskirchen, G.; Bernier, B.; Varhol, R.; Delaney, A.; 

Thiessen, N.; Griffith, O.L.; He, A.; Marra, M.; Snyder, M.; Jones, 
S. Nat. Method, 2007, 4, 651-7. 

[71] Dennis, J.H.; Fan, H.Y.; Reynolds, S.M.; Yuan, G.; Meldrim, J.C.; 
Richter, D.J.; Peterson, D.G.; Rando, O.J.; Noble, W.S.; Kingston, 

R.E. Genome Res., 2007, 17, 928-39. 
[72] Ozsolak, F.; Song, J.S.; Liu, X.S.; Fisher, D.E. Nat. Biotechnol., 

2007, 25, 244-8. 
[73] Chen, Y.; Blackwell, T.W.; Chen, J.; Gao, J.; Lee, A.W.; States, 

D.J. PLoS. Comput. Biol., 2007, 3, e63 
[74] Yaghmai, R.; Cutting, G.R. Mol. Ther., 2002, 6, 685-94. 

[75] Akhtar, A.; Becker, P.B. EMBO Rep., 2001, 2, 113-8. 
[76] Hoffman, A.R.; Vu, T.H.; Hu, J. Growth Horm. IGF Res., 2000, 

10, S18-9. 

[77] Kadam, S.; McAlpine, G.S.; Phelan, M.L.; Kingston, R.E.; Jones, 

K.A.; Emerson, B.M. Genes Dev., 2000, 14, 2441-51. 
[78] Bartsevich, V.V.; Miller, J.C.; Case, C.C.; Pabo, C.O. Stem Cells, 

2003, 21, 632-7. 
[79] Heinzel, T., Lavinsky, R.M., Mullen, T.M., Soderstrom, M., La-

herty, C.D., Torchia, J., Yang, W.M.; Brard, G.; Ngo, S.D.; Davie, 
J.R.; Seto, E.; Eisenman, R.N.; Rose, D.W.; Glass, C.K.; Rosen-

feld, M.G. Nature, 1997, 387, 43-8.  
[80] Stege, J.T.; Guan, X.; Ho, T.; Beachy, R.N.; Barbas, C.F. 3rd.

 Plant J., 2002, 6, 1077-86. 
[81] Shi, Y.; Sawada J.; Sui, G.; Affar, E.B.; Whetstine, J.R.; Lan, I.; 

Ogawa, F.H.; Luke, M.P.; Nakatani, Y.; Shi, Y. Nature, 2003, 422, 
735-738. 

[82] Shi, Y.; Shi Y. CtBP corepressor complex- a multi-enzyme ma-
chinery that coordinates chromatin modifications. CtBP family 

proteins, Landes Biosciences: Georgetown, Texas, 2005. 
[83] McNamara, A.R.; Hurd, P.J.; Smith, A.E.; Ford, K.G. Nucleic 

Acids Res, 2002, 30, 3818-30. 
[84] Carvin, C.D.; Dhasarathy, A.; Friesenhahn, L.B.; Jessen, W.J.; 

Kladde, M.P. Proc. Natl. Acad. Sci. USA, 2003, 100, 7743-8. 
[85] Akopian, A.; He, J.; Boocock, M.R.; Stark, W.M. Proc. Natl. Acad. 

Sci. USA, 2003, 100, 8688-91. 
[86] Gordley, R.M.; Smith J.D.; Gräslund T.; Barbas, C.F. 3rd. J. Mol. 

Biol., 2007, 367, 802-13. 
[87] Alwin, S.; Gere, M.B.; Guhl, E.; Effertz, K.; Barbas, C.F. 3rd, Se-

gal, D.J.; Weitzman, M.D.; Cathomen, T. Mol. Ther., 2005, 12, 
610-7. 

[88] Carroll, D.; Morton, J.J.; Beumer, K.J.; Segal, D.J. Nat. Protoc., 
2006, 1, 1329-41. 

[89] Stains, C.I.; Porter, J.R.; Ooi, A.T.; Segal, D.J.; Ghosh, I. J. Am. 
Chem. Soc., 2005, 127, 10782-3. 

[90] Ooi, A.T.; Stains, C.I.; Ghosh, I.; Segal, D.J. Biochemistry, 2006, 
45, 3620-5 

[91] Ghosh, I.; Stains, C.I.; Ooi, A.T.; Segal, D.J. Mol. Biosyst., 2006, 
11, 551-60. 

[92] Zhang, M.; Magit, D.; Sager, R. Proc. Natl. Acad. Sci. USA, 1997, 
25, 5673-78. 

[93] Futscher, B.W.; Oshiro, M.M.; Wozniak, R.J.; Holtan, N.; Hanigan, 
C.; Duan, H. Nat. Genet., 2002, 31, 175-9. 

[94] Szyf, M.; Pakneshan, P.; Rabbani, S.A. Biochem. Pharmacol., 
2004, 68, 1187-97. 

[95] Ting, A.H.; McGarvey, K.M.; Baylin, S.B. Genes Dev., 2006, 20, 
3215-3231 

[96] Jones, P.A.; Baylin, S.B. Cell, 2007, 128, 683-92. 
[97] Berger, S.L. Nature, 2007, 447, 407-12. 

[98] Mellor, J. Trends. Genet., 2006, 22, 320-9 
[99] Zhang, R.; Adams, P.D. Cell Cycle, 2007, 6, 784-9. 

[100] Segal, E.; Fondufe-Mittendorf, Y.; Chen, L.; Thåström, A.; Field, 
Y.; Moore, I.K.; Wang, J.P.; Widom, J. Nature, 2006, 442, 750-2. 

[101] Li, B.; Carey, M.; Workman, J.L. Cell, 2007, 128, 707-19. 
[102] Bao, Y.; Shen, X. Cell, 2007, 129, 632. 

[103] Gutierrez, J.L.; Chandy, M.; Carrozza, M.J.; Workman, J.L. Embo. 
J., 2007, 26, 730-40. 

[104] Fraser, P.; Bickmore, W. Nature, 2007, 447, 413-7 
[105] Lund, C.V.; Blancafort, P.; Popkov, M.; Barbas, C.F. 3rd. J. Mol. 

Biol., 2004, 340, 599-613. 
[106] Zhang, L.; Spratt, S.K.; Liu, Q.; Johnstone, B.; Qi, H.; Raschke, 

E.E.; Jamieson, A.C.; Rebar, E.J.; Wolffe, A.P.; Case, C.C. J. Biol. 
Chem., 2000, 275, 33850-60. 

[107] Liu, P.Q.; Rebar, E.J.; Zhang, L.; Liu, Q.; Jamieson, A.C.; Liang, 
Y.; Qi, H.; Li, P.X.; Chen, B.; Mendel, M.C.; Zhong, X.; Lee, Y.L.; 

Eisenberg, S.P.; Spratt, S.K.; Case, C.C.; Wolffe, A.P. J. Biol. 
Chem., 2001, 276, 11323-34. 

[108] Rebar, E.J.; Huang, Y.; Hickey, R.; Nath, A.K.; Meoli, D.; Nath, 
S.; Chen, B.; Xu, L.; Liang, Y.; Jamieson, A.C.; Zhang, L.; Spratt, 

S.K.; Case, C.C.; Wolffe, A.; Giordano, F.J. Nat. Med., 2002, 8, 
1427-32. 

[109] Hurt, J.A.; Thibodeau, S.A.; Hirsh, A.S.; Pabo, C.O.; Joung, J.K. 
Proc. Natl. Acad. Sci. USA, 2003, 100, 12271-6. 

[110] Joung, J.K.; Ramm, E.I.; Pabo, C.O. Proc. Natl. Acad. Sci. USA, 
2000, 97, 7382-7 

[111] Cheng, X.; Boyer, J.L.; Juliano, R.L. Proc. Natl. Acad. Sci. USA, 
1997, 94, 14120-5 

[112] Bartsevich, V.V.; Juliano, R.L. Mol. Pharmacol., 2000, 58, 1-10. 
[113] Bae, K.H.; Kwon, Y.D.; Shin, H.C.; Hwang, M.S.; Ryu, E.H.; Park, 

K.S.; Yang, H.Y.; Lee, D.K.; Lee, Y.; Park, J.; Kwon, H.S.; Kim, 



!"#$%$&$'( *"'+,&"$-#$.+ /'&#.", 0.12$+'#."$'( 0341$,#"5 6 7$83 *3".983-9# :&"44+$+8; <==8; ?.(@ 11; B.@ <    13 

H.W.; Yeh, B.I.; Lee, H.W.; Sohn, S.H.; Yoon, J.; Seol, W.; Kim, 

J.S. !"#$ &'(#)*+,(-$, 2003, .10 275-80. 
[114]! Segal, D.J.; Stege, J.T.; Barbas, C.F. 3rd. 1233$ 45',$ 6-",# &'(-., 

2003, 70 163-8. 
[115]! Lindhout, B.I.; Pinas, J.E.; Hooykaas, P.J.; van der Zaal, B.J. 6-",# 

8., 2006, 9:0 475-83. 
[116]! Arlt, D.; Huber, W.; Liebel, U.; Schmidt, C.; Majety, M.; Sauer-

mann, M.; Rosenfelder, H.; Bechtel, S.; Mehrle, A.; Bannasch, D.; 
Schupp, I.; Seiler, M.; Simpson, J.C.; Hahne, F.; Moosmayer, P.; 

Ruschhaupt, M.; Guilleaume, B.; Wellenreuther, R.; Pepperkok, R.; 
Sultmann, H.; Poustka, A.; Wiemann, S. 1",*)3 ;)<$, 2005, 7=0 

7733-42. 
[117]! Hann, M.M.; Oprea, T.I. 1233$ 45',$ 1+)>$ &'(-$, 2004, :0 255-63. 

[118]! Ren, D.; Collingwood, T.N.; Rebar, E.J.; Wolffe, A.P.; Camp, H.S. 
?),)< @)A$, 2002, 170 27-32. 

[119]! Eckardt, N.A. 6-",# 1)--, 2001, 1B0 725-32. 
[120]! Holmes-Davis, R.; Li, G.; Jamieson, A.C.; Rebar, E.J.; Liu, Q.; 

Kong, Y.; Case, C.C.; Gregory, P.D. 6-",# C(-$ &'(-$, 2005, =70 
411-23. 

[121]! Jamieson, A.C.; Guan, B.; Cradick, T.J.; Xiao, H.; Holmes, M.C.; 
Gregory, P.D.; Carroll, P.M. &'(*+)>$ &'(5+E<$ ;)<$ 1(>>2,$, 

2006, B9:0 873-9. 
[122]! Sanchez, J.P.; Ullman, C.; Moore, M.; Choo, Y.; Chua, N.H. 6-",# 

&'(#)*+,(-$ 8$, 2006, 90 103-14. 

[123]! Morton, M.F.; Liu, P.Q.; Reik, A.; De la Rosa, R.; Mendel, M.; Li, 

X.Y.; Case, C.; Pabo, C.; Moreno, V.; Pyati, J.; Shankley, N.P. ;)F
G2-$ 6)5#$, 2005, 1.H0 227-32. 

[124]! Park, K.S.; Jang, Y.S.; Lee, H.; Kim, J.S. 8$ &"*#)3'(-$, 2005, 1:70 
5496-9. 

[125]! Kim, Y.G.; Cha, J.; Chandrasegaran, S. 63(*$ !"#-$ I*"J$ K*'$ LKI0 
1996, HB0 1156 

[126]! Blancafort, P.; Tschan, M.P.; Bergquist, .; Guthy, D.; Brachat, A.; 
Sheeter, D.A.; Torbett, B.F.; Edrmann, D.; Barbas, C.F.III. C(-$ 

1",$ M+)3., 2008, in press. 
[127]! Park, K.S.; Lee, D.K.; Lee, H.; Lee, Y.; Jang, Y.S.; Kim, Y.H.; 

Yang, H.Y.; Lee, S.I.; Seol, W.; Kim, J.S. !"#$ &'(#)*+,(-., 2003, 
.10 1208-14. 

[128]! Park, K.S.; Seol, W.; Yang, H.Y.; Lee, S.I.; Kim, S.K.; Kwon, R.J.; 
Kim, E.J.; Roh, Y.H.; Seong, B.L.; Kim, J.S. &'(#)*+,(-$ 63(G., 

2005, .10 664-70. 
[129]! Gommans, W.M.; McLaughlin, P.M.; Lindhout, B.I.; Segal, D.J.; 

Wiegman, D.J.; Haisma, H.J.; van der Zaal, B.J.; Rots, M.G. Mol. 
Carcinog., 2007, 97, 391-401. 

[130]! Lee, D.K.; Kim, Y.H.; Kim, J.S.; Seol, W. !2*-)'* I*'J< ;)<., 
2004, B., e116. 

[131]! Nomura, E.; Barbas, C.F. 3rd. 8$ I>$ 1+)>$ K(*., 2007, 1.H, 8676-
7. 

 

 

Received: October 12, 2007 Revised: November 19, 2007 Accepted: November 20, 2007 

 

 

 



SHORT COMMUNICATION

Re-activation of a dormant tumor suppressor gene maspin by designed

transcription factors

A Beltran1, S Parikh1, Y Liu1, BD Cuevas1, GL Johnson1, BW Futscher2 and P Blancafort1

1Department of Pharmacology and the Lineberger Comprehensive Cancer Center, The University of North Carolina at Chapel Hill,
Chapel Hill, NC, USA and 2Department of Pharmacology and Toxicology, Arizona Cancer Center and College of Pharmacy,
University of Arizona, Tucson, AZ, USA

The controlled and specific re-activation of endogenous
tumor suppressors in cancer cells represents an important
therapeutic strategy to block tumor growth and subse-
quent progression. Other than ectopic delivery of tumor
suppressor-encoded cDNA, there are no therapeutic tools
able to specifically re-activate tumor suppressor genes that
are silenced in tumor cells. Herein, we describe a novel
approach to specifically regulate dormant tumor sup-
pressors in aggressive cancer cells. We have targeted
the Mammary Serine Protease Inhibitor (maspin)
(SERPINB5) tumor suppressor, which is silenced by
transcriptional and aberrant promoter methylation in
aggressive epithelial tumors. Maspin is a multifaceted
protein, regulating tumor cell homeostasis through inhibi-
tion of cell growth, motility and invasion. We have
constructed artificial transcription factors (ATFs) made of
six zinc-finger (ZF) domains targeted against 18-base pair
(bp) unique sequences in the maspin promoter. The ZFs
were linked to the activator domain VP64 and delivered in
breast tumor cells. We found that the designed ATFs
specifically interact with their cognate targets in vitro
with high affinity and selectivity. One ATF was able to
re-activate maspin in cell lines that comprise a maspin
promoter silenced by epigenetic mechanisms. Consis-
tently, we found that this ATF was a powerful inducer
of apoptosis and was able to knock down tumor cell
invasion in vitro. Moreover, this ATF was able to suppress
MDA-MB-231 growth in a xenograft breast cancer model
in nude mice. Our work suggests that ATFs could be used
in cancer therapeutics as novel molecular switches to
re-activate dormant tumor suppressors.
Oncogene advance online publication, 23 October 2006;
doi:10.1038/sj.onc.1210072

Keywords: maspin; SERPINB5; metastatic cells; methy-
lation; zinc-fingers; artificial transcription factors

Tumor progression is a dynamic process controlled by
multiple genetic factors, including oncogenes, which
facilitate tumor growth, and tumor suppressors, which
negatively regulate tumor growth and progression. Since
the discovery of the tumor suppressor p53, more than 15
different tumor suppressor genes have been identified
(Sherr, 2003; McGarvey et al., 2006). The expression of
tumor suppressors is downregulated in tumor cells by
means of genetic and epigenetic mechanisms (Baylin,
2005; Zardo et al., 2005). Given the importance of
tumor suppressors in controlling primary tumor growth,
many therapeutic strategies aim to restore their expres-
sion in tumor cells. Tumor suppressors silenced by
methylation and transcriptional repression can be
re-activated by a variety of chromatin remodeling drugs,
such as methyltransferase inhibitors (including 5-aza-20-
deoxycytidine, recently approved for therapeutic treat-
ment (Samlowski et al., 2005) and histone deacetylase
inhibitors (such as suberoylanide hydroxamic acid
(SAHA)). These drugs are able to relax the chromatin
enhancing the accessibility of the transcription machi-
nery (Garber, 2004). However, potential limitations for
the use of these drugs in cancer patients include their
toxicity, lack of target specificity and development of
acquired drug resistance (Juttermann et al., 1994). In
this paper, we describe a novel approach to specifically
activate tumor suppressors that are epigenetically
silenced in tumor cells. We hypothesized that artificial
transcription factors (ATFs) designed to recognize
specific sequences in the promoter of a tumor suppressor
would result in a re-activation of the endogenous gene in
tumor cells. In order to test this, we have chosen the
tumor suppressor SERPINB5, or Mammary Serine
Protease Inhibitor (maspin), as a prototype of a tumor
suppressor gene (Zhou et al., 1994) silenced by
epigenetic mechanisms in aggressive tumor cells. The
choice of this target was based on the following
characteristics: (1) maspin is not mutated or rearranged
in tumor cells, but the gene is silenced during metastatic
progression. This offers a unique opportunity for
therapeutic intervention through specific re-activation
of the endogenous gene. Maspin silencing involves: (1)
transcriptional regulation (by means of TFs such as p53
(Zhou et al., 2000), ETS, AP-1 (Zhang et al., 1997),
hormone receptor (Zhang et al., 1997; Khalkhali-Ellis
et al., 2004) and aberrant promoter methylation
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(Domann et al., 2000; Futscher et al., 2002). (2) High
levels of maspin are associated not only with reduction
of tumor growth (Sager et al., 1997), but also decreased
angiogenesis (Zhang et al., 2000a), cell motility and
invasion (Sheng et al., 1996; Seftor et al., 1998), and
metastatic dissemination (Zhang et al., 2000b; Shi et al.,
2002; Cher et al., 2003; Watanabe et al., 2005). Maspin-
mediated reduction of tumor cell growth is at least
partially attributed to enhancement of apoptosis (Liu
et al., 2004; Zhang et al., 2005), whereas downregulation
of cell invasion is associated with the inhibition of the
activity of cell-surface-associated urokinase-type plas-
minogen activator (Lockett et al., 2006; Yin et al., 2006).
(3) Maspin is clinically relevant for several types of
human cancers: breast, prostate, colon and squamous
carcinomas. For these tumors, maspin expression is a
predictor of better prognosis (Lockett et al., 2006).

Results and discussion

In order to upregulate specifically the maspin promoter
in breast cancer cell lines, we have designed ATFs made
of six zinc-finger (6ZF) domains linked to the VP64
activator domain. Each ZF domain specifically recog-
nizes 3 base pairs (bps) of DNA (Pavletich and Pabo,
1991). Thus, a designed 6ZF ATF will recognize 18-bp,
providing high degree of specificity (Blancafort et al.,
2004; Beltran et al., 2006). Indeed, previous reports have
described that highly specific 6ZF ATFs are able to
target unique sites in the human genome (Tan et al.,
2003). We chose three 18-bp sites in the maspin proximal
promoter as targets for our ATFs (Figure 1a). A
BLAST-Search on the human genome has revealed that
the three 18-bp targeted sites in the maspin promoter are
unique (data not shown). Targets �126 and �97 were
selected based on their close proximity to the transcrip-
tion start site and because of the highly specific
interactions predicted for the DNA triplets and the
available ZF lexicons (Segal et al., 1999; Dreier et al.,
2000, 2002, 2005). In addition to the proximal ATF
sites, we have designed an ATF recognizing an 18-bp
site comprising the hormone response element (HRE)
sequence, which interacts with the hormone receptor
both in breast (Khalkhali-Ellis et al., 2004) and prostate
(Zhang et al., 1997) cells. It has been shown that
treatment of estrogen receptor (ER)þ breast cancer

cells with the ER modulator Tamoxifen (TAM) results
in the re-activation of maspin, and that this effect
requires an intact HRE sequence (Khalkhali-Ellis et al.,
2004). Given the importance of HRE in regulating
maspin, we reasoned that an ATF activator binding to a
sequence comprising the HRE site could also lead to
effective maspin transactivation.
The 6ZF DNA-binding domains (DBDs) designed to

bind the 18-bp targets in the maspin promoter were built
by overlapping PCR, by grafting the a-helical-coding
sequences known to interact specifically with the
targeted triplets (Figure 1b; Beerli et al., 1998). To
verify that the designed 6ZF DBDs were able to interact
specifically with their cognate substrates, we first
purified the ZFs as C-terminal fusion with the carrier
maltose-binding protein (MBP) (Figure 1c). Purified
6ZF-MBP fusions were next tested by a DNA-binding
enzyme-linked immunosorbent (ELISA) assay to deter-
mine specificity and selectivity (Blancafort et al., 2003).
We used several double-stranded oligonucleotide
variants incorporating single and multiple nucleotide
substitutions in the ZF binding sites to assess DNA-
binding selectivity. As shown in Figure 1c, the 6ZF-
DBDs bound their cognate substrates with high affinity,
in the nano- and subnano-molar range. In addition, the
designed DBDs appeared to be highly selective in vitro
since nucleotide substitutions in the DNA-duplex
substrate increased the relative dissociation constant
(Kd). Single-nucleotide substitutions in all the 6ZF
triplets increased the Kd more than 100-fold
(Figure 1d). Our results suggested that our designed
DBDs bound their predicted substrates in vitro with
sequence selectivity and in agreement with previous
reports (Dreier et al., 2000). However, more studies need
to be performed to evaluate which degenerated DNA
sequences could be bound by the ATFs in vivo.
To study if the designed 6ZF DBDs were able to

transactivate the maspin promoter in breast cancer cells,
we first performed reporter assays. The 6ZF DBDs were
expressed as fusions with the powerful transcriptional
regulator VP64, using a transient expression vector
(pcDNA3.1; Blancafort et al., 2003). Breast monocyte
chemoattractant factor (MCF)-7 cells were co-trans-
fected with the ATF expression vectors and with a
reporter vector comprising the luciferase gene driven by
the proximal 527-bp maspin promoter comprising all the
6ZF binding sites and two p53 binding sites (Zhou et al.,
2000). Consistent with previous reports, we found that

Figure 1 The designed ATFs are able to bind specifically to their cognate 18-bp sequence and to activate the maspin promoter.
(a) Binding sites for the three designed ATFs in the proximal maspin promoter. Numbers designate the distance in bps relative to the
start of translation (first ATG codon, þ 1). Some of the response elements for known transcription factors are indicated. (b) a-Helical
ZF sequences engineered to bind their corresponding target DNA triplets. These ZF sequences were chosen based on the available
specific ZF lexicons (Segal et al., 1999; Dreier et al., 2000, 2001, 2005). The 6ZF ATFs were constructed by overlapping PCR;
Supplementary methods). (c) The designed ATFs are able to bind specifically to their cognate 18-bp substrate, as assessed by DNA-
binding ELISA (Segal et al., 2003; Supplementary methods). The ZF DBDs were expressed as C-terminal fusions with MBP (NEB,
Ipswich, MA, USA). These fusions were more than 90% pure as assessed by SDS-PAGE (right panel). (d) Relative dissociation
constant (Kd) of each protein for their cognate substrate and for different site-directed mutant substrates. An ELISA assay was used to
calculate the relative Kd using as standard control ATF 30 (a 6ZF protein of a known Kd as described (Blancafort et al., 2003)). (e) The
designed ATFs transactivate the maspin promoter in a luciferase assay in MCF-7 cells. Schematic view of the maspin promoter-
luciferase construct indicating the ATF- binding sites (Zhang et al., 1997) Control represents a non-specific ATF. A p53 expressing
plasmid was used as positive control (Supplementary methods). All experiments were carried out in triplicate7s.d.
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expression of p53 in MCF-7 cells was able to upregulate
2.9-fold maspin reporter activity (Figure 1e). However,
the designed ATFs were able to transactivate 31.2-

(ATF-97), 4.1- (ATF-126) and 4.56- (ATF-452) fold the
reporter in the same assay. The interaction was specific
since the expression of a nonspecific (control) ATF did

ATFs  a) ZF α-HELICES b) 18-bp TARGET SITES c) RelativeKd

ZF6  ZF5 ZF4  ZF3 ZF2 ZF1 Half-site1  Half-site2_ (nM)

ATF -97 QSGDLRR QSSNLVR QSGDLRR RSDDLVR RSDVLVR TSGELVR 5’-GCA GAA GCA - GCG GTG GCT-3’ 3.1 ± 0.04
ATF -126 QSGDLRR RSDVLVR DPGHLVR RSDVLVR RSDDLVR RSDVLVR 5’-GCA GTG GGC - GTG GCG GTG-3’ 0.9 ± 0.06
ATF -452 TTGNLTV QSSHLVR TSGNLVR RADNLTE HRTTLTN THLDLIR 5’-AAT GGA GAT - CAG AGT ACT-3’ 1.74± 0.2

a)

b)

For example, for ATF-452, ZF6 recognizes the AAT triplet, ZF5 recognizes GGA; ZF4, GAT; ZF3, CAG; ZF2, AGT; ZF1ACT. The amino acid positions 
(-1 to +6) in the ZF recognition helix are shown.

Target DNA sequences in the maspin promoter are presented in the 5’ to  3’ orientation.

-657

ETS

-452

HRE

AATGGAGATCAGAGTACT

ATF -452

-126 -97

GCAGTGGGCGTGGCGGTG

ATF -126
TCGGTGGCGACGAAGACG

+1-220-283

AP1ETS

-10-296

p53 p53

ATF -97

a

b

c

d

e

ATF -452

+1

LUC

ATF-126 ATF-97

-97-126-452

HRE

p53

-212

p53

-283

527-bp maspin promoter

Activator Fold activation
ATF –97 31.2   ± 4.83
ATF –126   4.19 ± 0.54
ATF –452   4.56 ± 1.68

9.2p35 ± 0.33
CONTROL ATF 0.9  ± 0.25

60 kDa

AT
F-

97
AT

F-
12

6
AT

F-
45

2
AT

F 
30

M
ar

ke
r

Relative Kd (nM)18-bp TARGET SITESSubstrateProtein

ATF –97 ATF-97 substrate  GCA GAA GCA GCG GTG GCT   3.1  ±   0.04
ATF-97 mutation 1 subs  GCA TAA GCA GCG GTG GCT   6.5  ±   0.22
ATF-97 mutation 2 subs  GCA GAA GCA TCG GTG GCT   7.2  ±   2.3
ATF-97 mutation 3 subs  GCA GAA TCA TCG TTG TCT   7.25 ±   0.68
ATF-97 mutation 4 subs TCA TAA TCA TCG TTG TCT 482.6  ± 128.77

ATF –126 ATF-126 substrate  GCA GTG GGC GTG GCG GTG   0.9  ±   0.06
ATF-126 mutation 1 subs  GCA GTG GGC GTG TCG GTG   1.17 ±   0.03
ATF-126 mutation 2 subs  GCA GTG GGC TTG TCG TTG   2.04 ±   0.32
ATF-126 mutation 3 subs  GCA GTG TGC TTG TCG TTG  28.7  ±  17.55
ATF-126 mutation 4 subs TCA TTG TGC TTG TCG TTG 168.3  ±  49.29

ATF -452 ATF-452 substrate  AAT GGA GAT CAG AGT ACT   1.74 ±   0.2
ATF-452 mutation 1 subs  AAT TGA GAT CAG AGT ACT   2.41 ±   0.47
ATF-452 mutation 2 subs  AAT GGA TAT CAG AGT ACT   6.7  ±   3.95
ATF-452 mutation 3 subs  AAT GGA TAT CAT AGT ACT 630.8  ± 137.02
ATF-452 mutation 4 subs  AAT TGA TAT CAT AGT ACT 709.7  ± 111.28

ZF (ZF1 to ZF6) helices are positioned in the anti-parallel orientation (COOH-ZF6 to ZF1-NH  ) relatively to the DNA target sequence.
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not result in significant reporter upregulation. The
higher transactivation observed for ATF-97 could be
explained by its close proximity to the transcription start
site, facilitating the recruitment of the polymerase II
complex (Stege et al., 2002).
To study if the designed ATFs were able to upregulate

endogenous maspin in breast cancer cell lines, we
expressed the ATFs using the retroviral vector pMX-
IRES-GFP (Royer et al., 2004), which allows the
tracking of transduced cells by flow cytometry. All cell

lines were efficiently transduced by the three ATFs, as
assessed by flow cytometry (data not shown). Effective
ATF expression was also verified by semiquantitative
reverse transcription–polymerase chain reaction (RT–
PCR), using ZF-specific primers for the detection
(Figure 2). To evaluate Maspin expression, transduced
cells were processed by Western blotting, using a well-
characterized anti-Maspin monoclonal antibody for the
detection (Khalkhali-Ellis et al., 2004). To quantitatively
detect maspin mRNA expression in transduced cells, we
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Figure 2 The designed ATFs regulate maspin in MDA-MB-468 (a–c), MDA-MB-231 (d–f) and MCF-7 (g–i) breast cancer cell lines.
Data were normalized to controls (cells transduced with an empty retroviral vector). Quantification of Maspin protein levels was
performed by Western blot (WB) and induction of maspin mRNA levels were assessed by real-time expression analysis. ATF’s
expression in transduced cells was verified by semiquantitative RT–PCR, using specific ZF primers (ZF in panels a, d and g). (j) ATF-
126 restores maspin expression in MDA-MB-231 at a level comparable to the endogenous expression of maspin in un-transduced
MDA-MB-468 cells. MDA-MB-231 and MDA-MB-468 cells were transduced with retroviral vectors expressing ATF-126, a mutant
ATF-126 with no VP64 activator domain (ATF-126 NO VP64), ATF-126 without the ZF DNA-binding-domains (pMXVP64-SS), two
unrelated 6ZF ATFs (ATF-20 and ATF-30) and a scramble of ATFs (108 6ZF library members linked to the VP64 activator domain
(6ZFLIB-VP64)). (k) ATF-126 specifically regulates maspin in MDA-MB-231 cells. The ATFs were cloned in the retroviral vector
pMX-SS-VP64-IRES-GFP, which enables the expression of the ZF domains as a fusion with the VP64 activator domain (Blancafort
et al., 2003; Supplementary methods). After 72 h post-transduction, cells were collected, lysed and processed by Western blotting using
an anti-Maspin antibody (1:2000; BD PharMingen, San Diego, CA, USA) and anti-tubulin antibody (Sigma, St Louis, MO, USA).
Western blot and real-time quantification is an average of three independent experiments and s.e’s are indicated (*Po0.05, **P¼ 0.01,
***P¼ 0.001, as determined by the Student’s t-test) (Supplementary methods for PCR conditions).

Re-activation of a dormant tumor suppressor gene maspin
A Beltran et al

4

Oncogene



performed real-time expression analysis. We first deli-
vered the ATFs in the MDA-MB-468 cell line, an ER�,
poorly invasive, breast cancer cell line, which express
maspin and comprises a non-methylated maspin promo-
ter (Oshiro et al., 2003). In this cell line, ATF-97,
ATF-126 and ATF-452 were able to upregulate en-
dogenous Maspin (3.3-, 5.4- and 2.3-fold, respectively)
relative to controls (cells transduced with empty retro-
viral vectors, which express Green Flourescent Protein
(GFP); Figure 2a–c). This upregulation was specific as
the deletion of the VP64 activator domain, the delivery
of ATFs with different DNA-binding specificity (ATF-
20 and ATF-30) or the delivery of a scramble of 6ZF
ATF activator library (108 members; Blancafort et al.,
2003) did not result in any detectable maspin regulation
(Figure 2j–k). Interestingly, the ATF with stronger
activity in vivo (ATF-97) was not the stronger activator
in the reporter assay. This result suggests that the
structure of the chromatin could play a role in ATF-
mediated regulation of the endogenous gene. Consistent
to this, we found that ATF-mediated regulation
depended on the cell line analysed. In the MDA-MB-
231 cell line, an aggressive cell ER� breast cancer cell
line, which comprises a methylated and silenced maspin
promoter, ATF-126 was able to strongly re-activate the
promoter (70-fold relative to controls), whereas that
ATF-97 and ATF-452 had a weak but significant
activity (2.95 and 1.93, respectively). Control MDA-
MB-231 cells did not express any detectable endogenous
Maspin, which was consistent with the reported
epigenetic silencing of the promoter in these cells (Figure
2d–f). Importantly, ATF-126 was able to re-activate
maspin at levels comparable to the MDA-MB-468 cell
line, which comprises a non-methylated promoter
(Figure 2j). Finally, the ATFs were delivered in the
ERþ , non-invasive MCF-7 cell line, which comprises a
maspin promoter silenced by methylation and transcrip-
tional regulation. In this cell line, maspin was upregu-
lated by ATF-97 (3.1-fold) and ATF-126 (6.9-fold),
compared to controls, whereas ATF-452 had a weak but
significant effect (Figure 2g–i). The weak but significant
endogenous activity of ATF-452 in both ER� and
ERþ cell lines could be explained by the fact that this
ATF targets an upstream site, which is either un-
accessible or too far from the transcription start site to
elicit efficient recruitment of the transcription machin-
ery. These experiments demonstrated that ATFs could
be used to re-activate endogenous tumor suppressors
silenced by epigenetic mechanisms. Consistent to our
results, it has been shown that ectopic expression of p53
in the p53-deficient MDA-MB-231 also results in a
partial re-activation of the endogenous gene (Oshiro
et al., 2003). p53 expression did not alter the methyla-
tion status of the maspin promoter, but rather increased
acetylation levels and maspin promoter accessibility,
thereby facilitating transcription. Similarly, we could
speculate that ATFs could also enhance histone
acetylation levels through the VP64 activator domain,
resulting in increased chromatin accessibility and
enhanced transcription. This is presently being investi-
gated in our laboratory.

We subsequently analysed the functional and pheno-
typic properties of breast cancer cells transduced with
our designed ATFs. As ectopic expression of maspin
cDNA in breast cancer cells leads to enhancement of
apoptosis and decreased cell motility and invasion
(Lockett et al., 2006), we then studied if the designed
ATFs also induced similar phenotypic alterations. To
study quantitatively the fraction of apoptotic cells, we
performed Annexin-V flow cytometry analysis of cells
transduced with our designed ATFs, control cells
(transduced with empty retroviral vectors which express
GFP) and un-transduced cells. As shown in Figure 3a,
ATF-126 and ATF-97 were both able to induce
apoptosis in the MDA-MB-468 cell line (55 and 25%,
respectively). As expected from its low activity in
regulating maspin, ATF-452 had no significant induc-
tion of apoptosis in this cell line, relative to control
(11.8%). In the MDA-MB-231 cell line, only ATF-126
was able to strongly induce apoptosis (70%), whereas
ATF-97 and ATF-452 had no significant effect (12 and
24%, respectively) (Figure 3c). Consistent with the
capability of ATF-126, ATF-97 (in MDA-MB-468)
and ATF-457 (in MDA-MB-231) to induce apoptosis
in breast cancer cell lines, we found that these ATFs
were able to decrease breast tumor cell proliferation
relative to controls (Figure 3a and c, right plots). The
differential effect of the ATFs in inducing apoptosis in
the two breast cell lines is consistent with the levels of
maspin upregulation (Figure 2).
To study if the designed ATFs were able to knock

down breast cancer cell invasion in vitro, we performed
Matrigel invasion assays. As expected from their
capability to upregulate maspin expression, ATF-97,
ATF-126 and ATF-452 were able to knock down cell
invasion in the MDA-MB-468 background (37.5, 66.4
and 27.6%, respectively, relative to controls; Figure 3b).
Similarly, in the highly invasive MDA-MB-231 cells
line, the three ATFs were able to knock down cell
invasion (31.5, 77.4 and 44.7%, respectively, relative to
controls) (Figure 3d).
To study if ATF-126 was also able to reduce tumor

growth in vivo, we transduced the aggressive MDA-MB-
231-luc cell line (which stably expresses the reporter
luciferase) with ATF-126 and with an empty retroviral
vector (control). A total of 106 transduced cells were
injected subcutaneously into the flank of immunodefi-
cient mice (N¼ 6). Tumor growth in both groups (ATF-
transduced and controls) was monitored both by caliper
measurements and also by Bioluminiscence Imaging (by
non-invasive in vivo monitoring of luciferase activity in
these mice; Minn et al., 2005). As shown in Figure 4,
mice injected with control cells all developed primary
tumors, whereas none of the mice injected with ATF-
126-expressing cells generated tumors. These data
demonstrated that ATF-126 was able to suppress
xenograft growth of the MDA-MB-231 cell line in
SCID mice.
In summary, our data demonstrate that ATFs can be

used to specifically re-activate tumor suppressors that
are silenced in metastatic breast tumor cell lines.
Although additional work needs to be performed to
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evaluate how this ATF exerts its mechanism of action
(e.g., if the ATF alters methylation, acetylation status
and chromatin accessibility), our work suggests that
ATFs could be used in cancer therapeutics as novel
strategic intervention to downregulate tumor growth.
Given the clinical relevance of maspin expression in a
variety of epithelial tumors (including breast, prostate,
lung and colon), our work describes a novel approach to
target multiple human neoplasias.

Acknowledgements

We thank Dr S Earp for the critical reading of the paper. We
thank Dr MJ Hendrix for sending the maspin-luciferase
promoter constructs and Dr M Tschan for sending a p53-
expression plasmid. This work was supported by an American
Lung Association and LUNGevity Foundation (LD-17098-
N), a V-Foundation Award and a DoD idea award
(BC051475) to PB.

0

10

20

30

40

50

60

70

80

MDA-MB-
468

CONTROL ATF -97 ATF -126 ATF -452

%
 A

p
o

p
to

ti
c 

ce
lls

A
A

D

MDA-MD-468

A
A

D

ATF -126

Annexin VAnnexin V

MDA-MB-468  CONTROL ATF -97 ATF -452ATF -126 MDA-MB-231 CONTROL ATF -97 ATF -452ATF -126

a

b

ATF -126

Annexin V

A
A

D

A
A

D

MDA-MD-231

Annexin V

c

d

**

*

**

***

*
**

***

**

*

Figure 3 ATFs induce apoptosis and reduce cell invasion in MDA-MB-468 and MDA-MB-231 breast cancer cell lines. ATF
transduction of MDA-MB-468 (a and b) and MDA-MB-231 (c and d) were performed as described above. (a–c) Early apoptosis (left
plot) was quantitatively analysed in non-transduced cells, control cells and ATF-transduced cells using an Annexin-V staining kit,
following the manufacturer’s instructions (BD Biosciences, San Jose, CA, USA). Apoptosis was measured 120h post-transduction. A
positive control was induced with 10 mM camptothecin (Sigma, St Louis, MO, USA) for 24 h prior analysis to setup the flow cytometry
settings. The % of apoptosis was measured by flow cytometry using a fluorescence-activated cell sorter Calibur cytometers and
Facstation software (BD, Franklin Lakes, NJ, USA). Data represent an average of three different experiments (*Po0.05, **P¼ 0.01,
***P¼ 0.001, as determined by Student’s t-test). The top panel shows a representative flow cytometry result indicating the positive
apoptotic population (Annexin-Vþ AAD�). Proliferation assays (right plots) were performed using survival assay kits (XTT, Roche
Molecular Biochemicals, Mannheim, Germany), according to the manufacturer’s instructions. (b–d) ATF-126 knock down cell
invasion when transduced in breast cancer cell lines. Invasion assays were performed using 24-well format Matrigel invasion chambers
(BD Biosciences, San Jose, CA, USA) 120 h post-transduction (Supplementary methods). Data represent an average of three different
experiments (*Po0.05, **P¼ 0.01, ***P¼ 0.001, as determined by Student’s t-test).

Figure 4 ATF-126 inhibits the growth of the human breast cancer
cell line MDA-MB-231 stably expressing a luciferase reporter (Luc)
in vivo. Growth curve of MDA-MB-231 (Luc) cells transduced with
ATF-126 and control (cells transduced with an empty retroviral
vector). Control tumor volume gain was 240mm3 at day 50.
However, no tumor growth was detected in ATF-126-injected mice.
Tumor volume¼ length�width2/2.
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Abstract
Mammary serine protease inhibitor (maspin) is an
important tumor suppressor gene whose expression is
associated not only with tumor growth inhibition but also
with decreased angiogenesis and metastasis. Maspin

expression is down-regulated in metastatic tumors by
epigenetic mechanisms, including aberrant promoter
hypermethylation. We have constructed artificial tran-
scription factors (ATFs) as novel therapeutic effectors
able to bind 18-bp sites in the maspin promoter and
reactivate maspin expression in cell lines that harbor an
epigenetically silenced promoter. In this article, we have
investigated the influence of epigenetic modifications
on ATF-mediated regulation of maspin by challenging
MDA-MB-231 breast cancer cells, comprising a methy-
lated maspin promoter, with different doses of ATFs and
chromatin remodeling drugs: the methyltransferase inhib-
itor 5-aza-2¶-deoxycytidine and the histone deacetylase
inhibitor suberoylanilide hydroxamic acid. We found that
the ATFs synergized with both inhibitors in reactivating
endogenous maspin expression. The strongest synergy
was observed with the triple treatment ATF-126 + 5-aza-
2¶-deoxycytidine + suberoylanilide hydroxamic acid, in
which the tumor suppressor was reactivated by 600-fold.
Furthermore, this combination inhibited tumor cell prolif-

eration by 95%. Our data suggest that ATFs enhance the
efficiency of chromatin remodeling drugs in reactivating
silenced tumor suppressors. Our results document the
power of a novel therapeutic approach that combines both
epigenetic and genetic (sequence-specific ATFs) strategies
to reactivate specifically silenced regions of the genome
and reprogram cellular phenotypes. [Mol Cancer Ther
2008;7(5):1080–90]

Introduction
Tumor suppressor genes play an essential role in control-
ling unscheduled cell proliferation and they act as gate-
keepers that block neoplastic processes in tissues. Due to
the pivotal role of tumor suppressor gene inactivation
during tumor progression, these genes are primary targets
in cancer therapeutics. Inactivation can occur via a variety
of mechanisms, such as point mutations, deletions, and
epigenetic modifications (1–3). Epigenetic modifications,
such as DNA and histone methylation and histone deace-
tylation, result in a compact chromatin configuration that
silences entire DNA regions (1–6). At the promoter level,
this compact chromatin topology restricts the physical
access of the polymerase II complex to regulatory sequence
domains, resulting in inhibition of tumor suppressor tran-
scription (7–9). Unlike genetic alterations, which irrevers-
ibly inactivate tumor suppression expression, epigenetic
modifications are potentially reversible (9–11).

The reversible nature of epigenetic silencing offers a
unique opportunity for therapeutic intervention by reac-
tivating endogenous tumor suppressor genes. Several chro-
matin remodeling drugs have been developed to release the
repressed state of tumor suppressor genes. These drugs act
by inhibiting DNA methyltransferases or histone deacety-
lases (HDAC), resulting in increased promoter accessib-
ility and enhanced tumor suppressor gene transcription
(12–14). To date, the most widely used chromatin
remodeling drug is the DNA methyltransferase inhibitor
5-aza-2¶-deoxycytidine (5-aza-2¶-dC), recently approved for
therapeutic treatment (15). Several methyltransferase inhib-
itors [such as 5-aza-dC and MG98 (16, 17)] and HDAC
inhibitors [such as suberoylanilide hydroxamic acid
(SAHA; ref. 18), valproic acid (19), and pivaloyloxymethyl
butyrate (20, 21)] are presently in phase I and II clinical
trials. The small-molecule inhibitors 5-aza-2¶-dC and
SAHA have been used to reactivate tumor suppressor
genes aberrantly methylated in aggressive tumor cells, such
as desmocollin 3 (22), gelsolin (23), and mammary serine
protease inhibitor (maspin ; refs. 13, 22). Moreover, several
reports have shown that methyltransferase and HDAC
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inhibitors are able to synergize to reactivate tumor sup-
pressor expression (24, 25). Nevertheless, potential limi-
tations for the use of these drugs in cancer patients include
their toxicity, lack of target specificity, and development
of acquired drug resistance (6, 26). Thus, there is a need for
the development of novel strategies to increase the targeted
efficiency and specificity of current anticancer drugs.

Our laboratory has recently applied a new strategy to
specifically reactivate tumor suppressor genes silenced by
epigenetic mechanisms in aggressive tumors (27). We have
targeted the tumor suppressor gene maspin using three
rationally designed artificial transcription factors (ATFs).
These ATFs comprise six sequence-specific zinc finger (ZF)
domains, designed to recognize unique 18-bp sites in the
maspin promoter. The ZFs were linked to the VP64 activator
domain, which mediates promoter up-regulation. We
found that the capability of the ATFs to up-regulate maspin
depended on the cell line analyzed, indicating that the
structure of the chromatin can influence ATF-mediated
transactivation of maspin . In the aggressive MDA-MB-231
breast cancer cell line, which comprises a methylated and
silenced maspin promoter, only one ATF (ATF-126) was
able to partially reactivate the endogenous maspin . We
hypothesized that the structure of the chromatin (which is
found in a more compact configuration in methylated
promoters) could act as a partial blockade and restrict ATF-
mediated transactivation of maspin . In this article, we have
investigated the influence of chromatin structure at the
maspin promoter in the context of artificial ATF regulation
by challenging MDA-MB-231 cells expressing ATF-126
with different doses of 5-aza-2¶-dC and SAHA. We found
that ATF synergized with both inhibitors to reactivate
maspin expression. The strongest synergy was observed
with the triple treatment ATF-126 + 5-aza-2¶-dC + SAHA, in
which the tumor suppressor was reactivated by 600-fold.
Furthermore, this combination inhibited breast tumor cell
proliferation by 95%. Our data suggest that ATFs amplify
the response of chromatin remodeling drugs in reactivat-
ing silenced tumor suppressors. Thus, combinations of
low concentrations of chromatin remodeling drugs and
sequence-specific ATFs are efficient in reactivating silenced
regions of the genome and effectively reprogram cellular
phenotypes. This could represent a powerful therapeutic
strategy to target a variety of neoplasias through specific
reactivation of tumor suppressor genes.

Materials andMethods
Cell Lines
MDA-MB-231 breast carcinoma, MDA-MB-468, MCF-12A,

and 293TGagPol cell lines were obtained from the American
Type Culture Collection.

Sodium Bisulfite Genomic Sequencing of the Maspin
Promoter

Genomic DNA (1.5 Ag) was modified with sodium bisul-
fite using EZ DNA Methylation-Gold kit (Zymo Research).
The maspin promoter was amplified from the bisulfite-
modified DNA by PCR using primers specific to the

bisulfite-modified sequence of the maspin promoter:
5¶-TAGGATTTTAAAAAGAAATTTTTTG-3¶ (forward
primer) and 5¶-CCCACCTTACTTACCTAAAATCACA-3¶
(reverse primer). The PCR products were cloned and
10 positive recombinants were sequenced. The methyla-
tion status of individual CpG sites was determined by
comparison of the sequence obtained with the known
maspin sequence.

ATFRetroviralTransduction
The retroviral vector pMX-6ZFs-VP64-IRES-GFP (28) was

first cotransfected with a plasmid (pMDG.1) expressing the
vesicular stomatitis virus envelope protein into 293TGag-
Pol cells to produce retroviral particles. Transfection was
done using Lipofectamine as recommended (Invitrogen).
The viral supernatant was used to infect the host cell lines,
and the infection efficiency was assessed by flow cytometry
(FACSCalibur, BD Biosciences) using green fluorescent
protein as marker.

DrugTreatments
ATF-transduced cells and control cells (0.25 � 106

untransduced cells, cells transduced with empty retroviral
vector, and a control ATF that does not regulate maspin)
were seeded in 10-cm tissue culture plates. These samples
were treated with different concentrations of 5-aza-2¶-dC
(0, 0.025, 0.05, 0.125, 0.25, 0.625, 1.25, 2.5, 3.75, 6.25, 12.5, 25,
62.5, and 125 Ag/mL; Sigma) or SAHA (0, 0.0133, 0.026,
0.066, 0.132, 0.26, 0.4, 0.66, 1.32, 2.6, 3.97, and 5.3 Ag/mL;
BioVision) or both inhibitors (5-aza-2¶-dC and SAHA)
during 48 h in a 37jC, 5% CO2 incubator. Cells were
collected, and the RNA was extracted, reverse transcribed,
and processed for real-time quantification of maspin .

Real-time PCRExpression Assays
ATF-transduced cells and control cells, drug treated or

nontreated, were collected, and the RNA was extracted and
2.5 Ag were used for reverse transcription. Quantification of
maspin and VP64 activator domain was obtained by real-
time quantitative PCR using fluorescent Taqman assays
(Applied Biosystems) as described (27). The primers and
probes for the VP64 activator domain were the follow-
ing: 5¶-AAGCGACGCATTGGATGAC-3¶ (forward primer),
5¶-GGAACGTCGTACGGGTAGTTAATT3¶ (reverse primer),
and 5¶-6FAM-TCGGCTCCGATGCT-MGBNFQ-3¶ (probe).
Real-time PCR data were analyzed using the comparative
2�DDCT method (SDS 2.1 RQ software, Applied Biosystems)
and results were expressed as ‘‘fold change’’ in maspin RNA
expression normalized to GAPDH and relative to the
vehicle-treated control (29).

Proliferation Assays
Proliferation assays were done measuring cell viability

determined by a survival assay (XTT, Roche, according to
the manufacturer’s instructions). To measure the effect of
ATF-126, 5-aza-2¶-dC, and SAHA in cell viability, MDA-
MB-231 breast cancer cells were transduced with differ-
ent concentrations of ATF-126 plasmid or/and treated
with 5-aza-2¶-dC or SAHA (same concentration described
earlier). Twenty-four hours after transfection, 3,000 cells
per well (5 wells per concentration) were seeded into
96-well format tissue culture plates. Cell viability was
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measured using the XTT assay by monitoring the absor-
bance (405 nm) of the cells at 0 and 72 h after transduction
and 48 h of drug treatment.

Experimental Drug Dose-Effect Plots
Dose-effect curves and median-effect plots were gener-

ated for each set of the real-time and proliferation data
samples using the software package PharmToolsPro
(McCary Group; ref. 30). The median-effect dose (Dm50)
and the slope (m) were calculated from the median-effect
plots and introduced in the isobologram equation for the
calculation of the CI (28, 31–33). The CI isobologram
equation [CI = (D)1/(Dx)1 + (D)2/(Dx)2 + (D)3/(Dx)3] was
used for data analysis of three-drug combination (31, 32).
CI < 1, CI = 1, and CI > 1 indicate synergy, additive effect,
and antagonism, respectively.

Statistical Analysis
Real-time PCR and viability experiments were repeated

thrice using three independently processed samples. For
each sample, we did triplicate acquisitions. Differences
between all treatments were analyzed by the ANOVA test
with a critical level of significance set up at P < 0.05, and
significant differences between groups of treatments were
analyzed with post hoc Turkish test using the software
GraphPad Prism v.5.

Results
ATFs Reactivate Maspin in Combination with 5-Aza-

2¶-dC and SAHA
In a previous report, we have described the construction

of three ATFs designed to bind 18-bp sites in the maspin
proximal promoter (27). The ATFs were constructed by
linkage of six sequence-specific ZF domains with the VP64
transactivator domain (Fig. 1A). Each ZF is a compact
30-amino acid domain composed of a recognition a-helix
packed with two antiparallel h-strands via the coordination
of a zinc ion. The a-helix of each ZF specifically recognizes
3 bp in the DNA or ‘‘recognition triplet.’’ The main contact
positions are residue +6 of the recognition helix, which
interacts with the 5¶ nucleotide position of the triplet,
residue +3, interacting with the middle base, and position
�1, which makes H-bonding contacts with the 3¶ nucleo-
tide of the triplet (34).

Our previous results show that the efficiency of maspin
activation by ATFs depended on the particular cell line
analyzed, indicating that the structure of the chromatin
may influence the ATF-mediated regulation of the endog-
enous promoter. To investigate the influence of promoter
topology in ATF regulation, we focused our studies on the
MDA-MB-231 cell line, an aggressive cell estrogen recep-
tor–negative breast cancer cell line that comprises a meth-
ylated and silenced maspin promoter (35). First, we verified
the methylation status of the maspin promoter in the MDA-
MB-231 background by doing sodium bisulfate sequenc-
ing of the maspin proximal promoter and we mapped the
ATF-binding sites in this sequence. As shown in Fig. 1B, the
ATF-126–binding site contained two methylated cytosines,
whereas the ATF-97–binding site comprised one methyl-

ated cytosine. In contrast, both ATF-452–binding and the
two p53-binding sites in the maspin promoter mapped in
methylation-free regions. The same methylation pattern
was found in other aggressive cancer cell lines comprising
a silenced maspin promoter (data not shown). The ATF-
binding sites were not found mutated or deleted in all 10
genomic clones processed by sequencing. This agrees with
previous reports (35–37), which showed that maspin gene
is not found mutated or deleted in tumor cells, but its
promoter is silenced by epigenetic mechanisms. Consistent
with this epigenetic silencing, we found that MDA-MB-231
cells have no detectable maspin protein as assessed by
Western blotting (Fig. 2C). When retrovirally transduced in
MDA-MB-231 cells, only the ATF-126 was able to strongly
reactivate the promoter (70-fold relative to controls, in the
absence of drugs), whereas ATF-97 and ATF-452 alone had
a much weaker activity (27).

To investigate the influence of methylation and chroma-
tin structure on ATF regulation, we challenged ATF-
expressing cells with 5-aza-2¶-dC and SAHA (Fig. 2). These
drugs are known to induce a more relaxed promoter topo-
logy, which facilitates the access of transcription factors
and DNA polymerase complex (7, 8, 38). 5-Aza-2¶-dC
causes inhibition of DNA methyltransferase activity. The
DNA methyltransferase is bound irreversible to the DNA
through the 5-aza-2¶-dC residues, which results in a deple-
tion of soluble DNA methyltransferase protein levels. The
lack of DNA methyltransferase availability leads to a DNA
replication with global demethylation (22, 39–41). SAHA
interacts with HDAC enzymes at the catalytic site inhibit-
ing their activity. This process leads to histone acetylation,
which opens the chromatin structure, increasing transcrip-
tional activity (42, 43). We hypothesized that remodeling
the chromatin in the MDA-MB-231 cell line toward a more
open configuration facilitated by 5-aza-2¶-dC or/and SAHA
enhances the efficiency of ATF regulation of maspin. To test
this hypothesis, we first retrovirally transduced ATF-97,
ATF-126, and ATF-452 into MDA-MB-231 cells. Addition-
ally, cells were transduced with a control empty retroviral
vector (control) and with a retroviral vector lacking the ZF
domains (pMXVP64SS). These samples were treated with
5-aza-2¶-dC (5 Ag/mL) or SAHA (0.5 Ag/mL) or both inhi-
bitors (5 and 0.5 Ag/mL) and processed by real-time PCR
for quantification of maspin mRNA levels. These concen-
trations were chosen in the range of the median-effect dose
[Dm50, the concentration of inhibitor giving rise to 50%
of maximum maspin mRNA up-regulation (31, 32, 44)
calculated for these drugs (Fig. 3A–C)]. Maspin mRNA
levels were calculated as a ‘‘fold change in mRNA
expression’’ relative to the vehicle-treated MDA-MB-231
cell line as explained in Materials and Methods. Previously,
we have found that in the absence of inhibitor only ATF-
126 was able to strongly up-regulate maspin compared with
control cells (cells transduced with an empty retroviral
vector), whereas ATF-97 and ATF-452 had a much weaker
effect (27). To compare differences between treatments and
to evaluate synergisms, we used an ANOVA test with a
critical level of significance set up at P < 0.05. Significant

Synergy between ATFs and Chromatin Remodeling Drugs1082

Mol Cancer Ther 2008;7(5). May 2008



differences between groups of treatments were analyzed
with post hoc Turkish test.

As shown in Fig. 2A, particular ATFs synergized with
chromatin remodeling drugs in reactivating maspin expres-
sion. ATF-452, which had a poor activity in up-regulating
the promoter (3.2-fold), was not able to synergize with
5-aza-2¶-dC, SAHA, or both inhibitions in up-regulating
maspin expression. ATF-97 up-regulated maspin by 14-fold
and synergized with both inhibitors when used separately:
5-aza-2¶-dC (63-fold maspin up-regulation) and SAHA (156-
fold). However, the triple treatment ATF-126 + 5-aza-2¶-dC +
SAHA did not significantly further improved regulation.
ATF-126–transduced cells up-regulated maspin by 70-fold.
This ATF synergized with both inhibitors, 5-aza-2¶-dC (161-
fold) and SAHA (376-fold), in reactivating maspin. In con-
trast with the other ATFs, the triple treatment ATF-126 +
5-aza-2¶-dC + SAHA exhibited synergy, up-regulating
maspin mRNA levels by 600-fold. This stimulatory effect
leads to an 8.26-fold change in maspin mRNA expression
relative to a breast cancer cell line carrying a nonmethy-
lated promoter (the MDA-MB-468 cell line) and to f40% of
the expression levels observed in nontransformed breast
epithelial cell lines, such as MCF-12A (Fig. 2B and C). In
contrast with breast cancer cells, nontransformed breast
epithelial cells express very high levels of maspin (37). Our
data suggest that other epigenetic marks, in addition to

methylation and histone acetylation, might contribute to
maspin silencing in tumor cells.

Because the three ATFs target distinct 18-bp sites along
the maspin promoter, their particular responses to the
inhibitors could reflect local differences in methylation
and/or acetylation levels in the chromatin. Overall, these
experiments suggested that modifications of the chromatin
leading to a more compact promoter topology could parti-
ally block or impair ATF regulation, probably by affecting
ATF binding.

ATF-126 Synergizes with Low Concentrations of
5-Aza-2¶dCandSAHA inReactivatingMaspinExpression

We subsequently focused our studies on ATF-126
because among all the ATFs analyzed it exhibited the
strongest response in reactivating maspin in combination
with chromatin remodeling drugs. High concentration or
persistent exposure of tumor cells with chromatin remod-
eling drugs can potentially result in high toxicity (38, 45).
Thus, novel approaches to reactivate tumor suppression
expression while minimizing the exposure of tumor cells to
the drugs are desired. We next investigated if synergy
between the ATF and the chromatin remodeling drugs was
maintained when low concentrations of inhibitors (below
their Dm50) were used. The Dm50 was calculated for each
treatment, 5-aza-2¶-dC, SAHA, and ATF-126, using dose-
effect plots in the MDA-MB-231 breast cancer cell line

Figure 1. ATFs designed to reactivate the
maspin promoter. A, schematic representation
of a 6ZF-ATF. B, cytosine methylation status of
maspin in MDA-MB-231 breast cancer cells. X
axis, nucleotide position relative to the tran-
scription start site; Y axis, percentage of
methylation along the maspin promoter. The
maspin proximal promoter region (�495 to
+134) was originally reported by Zhang et al.
(53). 5-Methylcytosine levels were obtained by
sodium bisulfite genomic sequencing of the
maspin promoter from genomic DNA of untrans-
duced MDA-MB-231 cells. Transcription fac-
tor–binding sites were included [p53-binding
sites (35) and ATF-binding sites (27)]. Red
nucleotides indicate the methylated cytosines
in the ATF-binding sites.
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(Fig. 3A–D). In these experiments, MDA-MB-231 cells
were treated with different concentrations of 5-aza-2¶-dC
(0.025–125 Ag/mL; Fig. 3A) or SAHA (0.07–5.3 Ag/mL;
Fig. 3B) during 48 h and maspin mRNA expression levels
were monitored by real-time PCR assays. For ATF-126, cells
were transduced with increasing concentrations of ATF-
encoded DNA (0–1.3 Ag/mL; Fig. 3C), and 72 h after
transduction, cells were processed by real-time PCR to
detect ATF-126 and maspin mRNA levels. The concentra-
tion of ATF-126 DNA used in the transfection correlated
with ATF-126 mRNA levels detected in MDA-MB-231–
transduced cells, as assessed by real-time PCR using
ATF-specific primers (Fig. 3D). ATF-126 reactivated maspin

in a concentration-dependent manner, reaching a maxi-
mum effect of 300-fold maspin mRNA relative to control
cells, whereas 5-aza-2¶-dC and SAHA induced a maximum
of 13-fold maspin up-regulation relative to control cells. The
dose-response plots were used to calculate the Dm50 for
each single treatment. For ATF-126, the Dm50 (0.525 Ag/mL)
was calculated as 50% maspin up-regulation at 72 h after
transduction. For the inhibitors, the Dm50 was calculated
as 50% maspin up-regulation after 48 h of drug treatment,
being 5.55 and 0.75 Ag/mL for 5-aza-2¶dC and SAHA,
respectively (Fig. 3A and B).

To study the synergy between ATF-126 and the chroma-
tin remodeling drugs in reactivating maspin , we designed

Figure 2. ATFs synergize with chromatin remodel-
ing drugs to reactivate maspin expression. A,
real-time quantification of maspin in untransduced
MDA-MB-231 cells, cells retrovirally transduced with
an empty retroviral vector (control), cells transduced
with ATFs, and cells transduced with a control
retrovirus lacking the ZF domains (pMXVP64SS).
These samples were treated with 5-aza-2¶-dC
(1.0 Ag/mL) or SAHA (0.5 Ag/mL) or both inhibitors
(same concentrations) using complete cell culture
medium for the dilution of the drugs during 48 h in a
37jC, 5% CO2 incubator. Cells were collected, and
the RNA was extracted, reverse transcribed, and
processed for real-time maspin quantification. Real-
time PCR data were analyzed using the comparative
2�DDCT method and expressed as fold change in
maspin mRNA expression normalized to GAPDH and
relative to the vehicle-treated control (52). Differ-
ences between treatments were analyzed using
ANOVA test and the post hoc Turkish test; critical
level of significance was set up at P < 0.05. B, real-
time expression analysis of maspin mRNA levels in
the breast cancer cell lines MCF-12A, MDA-MB-468,
and MDA-MB-231. MDA-MB-231 cells were trans-
duced with a control empty retroviral vector, with
ATF-126, and with ATF-126 in the presence of 5-
aza-2¶-dC (1.0 Ag/mL) and SAHA (0.5 Ag/mL). MCF-
12A was used as a normalizing control. C, Western
blot for the detection of maspin in the MCF-12A,
MDA-MB-468, and MDA-MB-231 cell lines. MDA-
MB-231 cells were transduced with control vector or
ATF-126 and treated with a combination of 5-aza-2¶-
dC/SAHA (0.5 and 1 Ag/mL, respectively).
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different drug combination experiments where the ATF-126
was used at its Dm50 and the inhibitors were used at their
respective Dm50 (combination 1), 1/2Dm50 (combination 2),
and 1/3Dm50 (combination 3; Fig. 3F). As a control, MDA-
MB-231 cells were subjected to single treatments (trans-
duced with ATF-126 for 72 h or exposed to 5-aza-2¶-dC or
SAHA for 48 h) and processed by real-time PCR to evaluate
maspin mRNA levels. We additionally evaluated maspin
mRNA levels for double and triple treatments using spe-
cific combinations of control cells, ATF-126–transduced
cells, 5-aza-2¶-dC, and SAHA (Fig. 3E). In all the combina-
tions tested, we found that ATF-126 was able to synergize

with 5-aza-2¶-dC, SAHA, and both inhibitors to reactivate
maspin. We found that the most effective combination in
activating maspin was the triple treatment ATF-126 + 5-aza-
2¶-dC + SAHA, with a 600-fold maspin up-regulation, when
all the compounds were combined at their Dm50 (drug com-
bination 1). Furthermore, ATF-126 synergized with 5-aza-2¶-
dC and SAHA in reactivating maspin expression by 413-fold
even using 1/3Dm50 of inhibitors (drug combination 3). No
statistical difference was observed between combination 2
(when 5-aza-2¶-dC and SAHA were used at their 1/2Dm50)
and combination 3 (when 5-aza-2¶-dC and SAHA were used
at their 1/3Dm50). Overall, these results indicate that ATF-126

Figure 3. ATFs synergize with low
concentrations of chromatin remodeling
drugs to reactivatemaspin mRNA expres-
sion. A and B, dose-effect plots assessing
changes in maspin mRNA levels in cells
treated with different concentrations of 5-
aza-2¶-dC and SAHA. Fold maspin mRNA
levels were evaluated by real-time PCR
using as a normalized control vehicle-
treated cells. C, dose-effect plots assess-
ing changes in maspin mRNA levels in
cells transduced with different concentra-
tions of ATF-126. D, mRNA expression
changes of ATF directly correlate with
changes on maspin mRNA levels, as
evaluated by real-time PCR using primers
specific for the ATF and maspin, respec-
tively. Changes in mRNA expression of
the ATF were generated, varying the
amount of ATF-encoded DNA in the
retroviral transduction. E, concentrations
of ATF, 5-aza-2¶-dC, and SAHA used in
each combination tested. F, real-time
expression analysis of maspin mRNA
expression in ATF-transduced cells trea-
ted with specific combinations of 5-aza-
2¶-dC, SAHA, and both inhibitors, as
indicated in E. MDA-MB-231 cells were
transduced with ATF-126 (0.525 Ag/mL;
the Dm50 for maspin expression) and
treated with three different concentrations
(Dm50, 1/2Dm50, and 1/3Dm50) of either
5-aza-2¶-dC, SAHA, or both compounds.
Cells were collected, and the RNA was
extracted, reverse transcribed, and pro-
cessed for real-time quantification of
maspin . Using fold change in maspin ,
mRNA expression was calculated using
the comparative 2�DDC T method as
described above (52). Differences be-
tween treatments were analyzed using
ANOVA test and the post hoc Turkish
test; critical level of significance was set
up at P < 0.05.
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strongly synergized with a combination of methyltransfer-
ase and HDAC inhibitors to reactivate maspin expression
and this synergism was maintained when low concentra-
tions of inhibitors (below their Dm50) were used.

ATF-126 Synergizes with 5-Aza-2¶dC and SAHA to
InhibitTumor CellViability

Several reports showed that induction of maspin mRNA
expression results in inhibition of tumor cell prolifera-
tion by enhancement of apoptosis. We next investigated if
ATF-126 could also synergize with 5-aza-2¶-dC and SAHA
in inducing inhibition of tumor cell growth. MDA-MB-231
cells were transduced with a control vector or with ATF-

126, and 72 h after transduction, these cells were treated
with 5-aza-2¶-dC, SAHA, or both inhibitors during 48 h.
Tumor cell viability was evaluated using survival assays
{2,3-bis[2-methoxy-4-nitro-5-sulfophenyl]-2H-tetrazolium-
5-carboxanilide inner salt (XTT) assays}. The dose-effect
plots for ATF-126, 5-aza-2¶-dC, and SAHA (Fig. 4A) were
used to calculate the inhibitory concentration (IC50, the
concentration of ATF-126 or inhibitor giving rise to 50% of
inhibition of tumor cell growth at 72 h after transduction
or after 48 h of drug treatment). The IC50 values were
0.15, 2.056, and 0.942 Ag/mL for ATF-126, 5-aza-2¶-dC, and
SAHA, respectively. To evaluate synergisms, we applied

Figure 4. ATF-126 synergizes with 5-
aza-2¶-dC and SAHA in inhibiting tumor cell
viability. A, ATF-126, 5-aza-2¶-dC, and
SAHA induce inhibition of tumor cell viabil-
ity in a dose-dependent manner. Dose-
effect curves for cells transduced with
different concentrations of the DNA of
ATF-126 or treated with different concen-
trations of 5-aza-2¶-dC and SAHA (Table 1).3

The effects of the ATFs and the chromatin
remodeling drugs in inhibiting tumor cell
viability were measured by the ability of
metabolic active cells to reduce the tetra-
zolium salt XTT to orange-colored com-
pounds of formazan. Dose-effect curves
and median-effect plots were generated for
each set of samples using the software
package PharmToolsPro (28). B, CI for cells
transduced with ATF-126 and treated with
5-aza-2¶-dC (ATF-126 + 5-aza-2¶-dC),
SAHA (ATF-126 + SAHA), and both
inhibitors (ATF-126 + 5-aza-2¶-dC +
SAHA). Nontransduced cells were treated
with both inhibitors (5-aza-2¶-dC + SAHA).
CI was calculated from the median-effect
plots (31) to measure the synergistic action
between ATF-126, 5-aza-2¶-dC, and SAHA
in the MDA-MB-231 breast cancer cell line.
CI < 1 defines a synergistic interaction,
and CI > 1 defines an antagonistic drug
interaction. The straight line at CI = 1
represents additive effects. C, inhibition of
tumor cell viability on ATF-126 transduc-
tion and/or treatment with chromatin
remodeling drugs. For single treatments,
MDA-MB-231 cells were transduced with
ATF-126 (0.525 Ag/mL) or treated with
5-aza-2¶-dC (3.75 Ag/mL) and SAHA
(1.32 Ag/mL) for 48 h at 37jC and 5%
CO2. The same concentrations were used
for the following combinations: 5-aza-
2¶-dC + SAHA, ATF-126 + 5-aza-2¶-dC,
ATF-126+SAHA, andATF-126+5-aza-2¶-
dC + SAHA. Cell viability was measured
using the XTT assay, as described above.
The datawere analyzed using anANOVA test
and a post hoc Turkish test, as described in
Materials and Methods. The asterisks indi-
cate that the triple treatment decreased
significantly tumor cell viability compared
with all the other treatments tested. *, P =
0.05; **, P = 0.01; ***, P = 0.001.
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a standard combinatorial method, which uses the isobolo-
gram equation to calculate the combinatorial index (CI).
The interaction between drugs is defined as synergistic if CI
< 1, antagonistic if CI > 1, and additive if CI = 1 (Fig. 4B).
Control-transduced or ATF-126–transduced cells were
challenged with different concentrations of 5-aza-2¶-dC,
SAHA, or both inhibitors, as shown in Table 1. We used
concentrations of ATF/5-aza-2¶-dC/SAHA in the range of
the IC50 value, which resulted on 30% to 80% of tumor cell
growth inhibition. As shown in Fig. 4B, ATF-126 syner-
gized with 5-aza-2¶-dC, SAHA, and both inhibitors (5-aza-
2¶-dC + SAHA) for the majority of the drug combinations
tested. The synergistic effect for the double treatments
ATF-126 + 5-aza-2¶-dC, ATF-126 + SAHA, and 5-aza-2¶-dC
+ SAHA was higher when low concentrations were used in
each combination. For the triple treatment ATF-126 + 5-aza-
2¶-dC + SAHA, we observed a synergistic effect with all the
combinations tested. The lowest (most synergistic) CI was
achieved by the combination with the highest dose of ATF-
126 and inhibitors, which results in 95% of inhibition of
tumor cell viability compared with vehicle-treated control
cells (Fig. 4C; doses are indicated in Table 1).

As shown in Fig. 4C, the triple treatment ATF-126 +
5-aza-2¶-dC + SAHA was significantly the most efficient in
decreasing tumor cell viability compared with all the other
treatments. The double combinations ATF-126 + SAHA and
ATF-126 + 5-aza-2¶-dC reduced significantly cell viability
compared with all the single treatments (ATF-126, 5-aza-2¶-
dC, and SAHA and vehicle; P = 0.05). However, our data
in Fig. 4C did not reveal statistical differences between
the following treatments: SAHA, 5-aza-2¶-dC + SAHA, and
ATF-126. The apparent discrepancy between the RNA and
the viability data could be explained by the fact that these
experiments measure different outcomes. Unlike real-time,
which specifically measures maspin mRNA levels, cell
viability is a complex phenotype involving many different
gene products, including tumor suppressors such as
maspin . The higher effect of SAHA and 5-aza-2¶-dC
observed in viability assays might suggest that these
compounds reactivate many tumor suppressor genes, not
just maspin (46, 47). Although off-target effects are possible
with ATFs, these proteins have been engineered to reacti-
vate specifically maspin and are not expected to regulate
other tumor suppressor genes. We are presently investi-
gating putative off-target effects of ATF-126.

To verify that the effect of the ATFs and inhibitors was
specific for tumor cells and not normal epithelial cells, we
did the same viability assays in a nontransformed breast
epithelial cell line, the MCF-12A. In contrast with the MDA-
MB-231 cell line, none of the combinations of ATFs and
inhibitor was able to significantly up-regulate maspin
expression nor decrease cell viability as assessed by the
ANOVA and post hoc Turkish tests (Supplementary
Fig. S1).3

Discussion
In this article, we have investigated the influence of
promoter structure in the regulation of the tumor suppres-
sor gene maspin by ATFs. We have focused our analysis
on the highly invasive, metastatic breast cancer cell line
MDA-MB-231, which comprises a maspin promoter silenced
by methylation and transcriptional repression (35), and on
ATF-126, the strongest maspin regulator in this cell line
(27). We have challenged MDA-MB-231 cells expressing
ATF-126 with different doses of the methyltransferase inhi-
bitor 5-aza-2¶-dC and the HDAC1 inhibitor SAHA. These
drugs interfere with repressive mechanisms, which main-
tain inaccessible chromatin structure: aberrant cytosine
methylation and recruitment of HDAC complexes. Conse-
quently, these inhibitors are able to relax the chro-
matin, facilitating access to the polymerase II transcriptional
machinery (7 – 9). We hypothesized that disruption
of the epigenetic silencing mediated by methyltransferase
and HDAC inhibitors coupled to ATFs would result in
an enhanced up-regulation of silenced genes. Our work
shows that ATFs synergized with chromatin remodeling
drugs to reactivate endogenous maspin expression. We
found that maspin reactivation in response to the inhibitors
depended on the ATF-binding site analyzed. It could be
that, in the endogenous gene, these sites map in regions of
the promoter that contain different levels of histone/
methylcytosine modifications. It is also possible that

Table 1. CI values for single, double, and triple combinations
of ATF-126, 5-aza-2¶-dC, and SAHA

ATF/Drug (Ag/mL) fa CI

ATF-126 SAHA 5-aza-2¶-dC

0.075 0.13215 0.484 0.633
0.150 0.264 0.645 0.647
0.300 0.396 0.713 0.874
0.375 0.661 0.758 0.930
0.525 1.322 0.819 1.028
0.075 0.250 0.389 0.763
0.150 0.625 0.571 0.673
0.300 1.250 0.648 0.939
0.375 2.500 0.733 0.755
0.525 3.750 0.786 0.767

0.132 0.250 0.272 0.507
0.264 0.625 0.386 0.583
0.396 1.250 0.441 0.712
0.661 2.500 0.570 0.675
1.322 3.750 0.634 1.000

0.075 0.132 0.250 0.569 0.456
0.150 0.264 0.625 0.704 0.497
0.300 0.396 1.250 0.779 0.613
0.375 0.661 2.500 0.839 0.561
0.525 1.322 3.750 0.947 0.275

NOTE: Experimental dose combinations of ATF-126, SAHA, and 5-aza-2¶-dC
are indicated. MDA-MB-231 cells were transduced with ATF-126 and
treated with 5-aza-2¶-CC or SAHA or both for 48 h. Cell viability was
measured by using an XTT assay.

Abbreviation: fa, fraction of cells affected by the treatment (no viable cells).

3 Supplementary material for this article is available at Molecular Cancer
Therapeutics (http://mct.aacrjournals.org/).
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other endogenous factors, such as additional epigenetic
marks in the nucleosome, the positioning of the nucleo-
somes, and CpG-binding proteins, could affect ATF binding
and regulation. The strongest synergy was observed with a
triple treatment (ATF-126 + 5-aza-2¶-dC + SAHA), in which
the tumor suppression was reactivated by 600-fold. Con-
sistent with the tumor-suppressive functions of maspin ,
we found that this triple drug combination was also the
most effective in inhibiting breast tumor cell proliferation
in vitro .

A plausible model explaining this synergy is shown in
Fig. 5. In a context of a silenced promoter, methylated CpG
islands are associated with methyl-binding proteins,
methyltransferases, and HDAC, which maintain the pro-
moter in a compact configuration, inaccessible to the tran-
scriptional machinery (4–6). Likewise, it is possible that
in the context of a repressed maspin promoter the ATF-
binding sites are not optimally accessible to the ATFs. In
the ATF, the ZF domains are linked to the strong transac-
tivator domain VP64, which recruits the mediator protein
and other polymerase II–associated proteins (including
chromatin remodeling enzymes and histone acetyltrans-
ferases), resulting in a partial maspin reactivation. The syn-
ergy between the ATF and the chromatin remodeling drugs
could be explained by drug-induced enhanced accessibility
of the ATFs for their target sites in the maspin promoter.

Methyltransferase and HDAC inhibitors interfere with
two enzymatic mechanisms of repression: 5-aza-2¶-dC inhi-
bits DNA methyltransferase Dnmt1 enzyme (39, 41, 49),

whereas SAHA promotes histone acetylation and weakens
the histone-DNA interactions (50). Synergy between meth-
yltransferase and HDAC agents in reactivating silenced
tumor suppressors has been previously reported by many
groups (14, 22, 25, 51, 52). Our results further show that
ATF expression highly amplifies the gene reactivation
effect of chromatin remodeling drugs with different mech-
anisms of action. In contrast with chromatin remodeling
drugs, which potentially alter many genes in the genome,
the ATF is used as a sequence-specific regulator of tumor
suppression expression. Our results agree with a report
showing that overexpression of the p53 transcription factor
in the p53-deficient MDA-MB-231 cell line leads to a
synergy with 5-aza-2¶-dC in reactivation of the tumor
suppressor maspin (13). We have found that, like natural
transcription factors, ATFs can strongly synergize with
both methyltransferase and HDAC inhibitors. Because
ATFs can be designed for virtually any sequence in the
human genome, the strategy presented in this article can be
potentially applied for the reactivation of any epigenetical-
ly silenced promoter. Current ATF technology can generate
ATF binding designed sequences with high specificity and
selectivity in both in vitro binding assays and in reporter
transactivation assays. Only a subset of ATFs designed
against a given target promoter results in successful
endogenous regulation (27), indicating that subtle aspects
of the architecture of endogenous promoters may be key
determinants for ATF-mediated regulation. Chromatin
modifications could limit the binding of the ATFs in vivo

Figure 5. A putative model explaining
the synergy between the ATF and the
chromatin remodeling drugs in reactivat-
ing a methylated maspin promoter. A,
the binding of ATF to the methylated
promoter triggers a partial reactivation of
the maspin gene. B, synergistic interac-
tion between the ATFs and chromatin
remodeling drugs. On treatment with
chromatin remodeling drugs, changes in
the chromatin structure facilitate the
landing of ATF on the maspin promoter,
which enhances themaspin reactivation.
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by restricting ATF target site accessibility. This idea is
supported by our observations, which show a gain of
ATF-mediated regulation of silenced promoters only in the
presence of chromatin remodeling drugs with ATFs having
poor or no activity in the absence of remodeling-inducing
compounds.

Importantly, we found that strong synergy between
ATF/chromatin remodeling drugs was maintained in a
concentration range of inhibitors below their IC50. Al-
though more experiments need to be done to evaluate the
applicability of our findings to experiments using tumor
models in vivo , our work shows proof of concept of an
exciting strategic approach in therapeutics, which uses
ATFs to amplify the apoptotic response of anticancer
agents with locus-targeted gene activation while minimiz-
ing the exposure/concentration of the drugs.
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