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General introduction 
 
The human body is made up of more than 200 different cell types and each cell 
type has its own specific function. The genetic information, encoded in the DNA, 
instructs the cells how to perform its function. This genetic information contains 
roughly 20700 genes (1), which code for the functional units of the cell; the 
proteins. The specific protein expression pattern displayed by a cell determines 
which biological processes are taken place. Tight regulation of these processes, 
including growth, differentiation and proliferation ensure normal cell functioning. 
Usually only a subset of the genes is transcribed to proteins in order for the cell to 
perform its function.  
       The number of genes that are actively transcribed in a cell is constantly 
changing, and dynamically regulated by a layer on top of the DNA called the 
‘epigenetic layer’. Epigenetics is the additional layer of heritable information on 
top of the base pair sequence of the genome (2). The structural units of the 
epigenetic layer are the nucleosomes (3), which are composed of several types of 
histone proteins. Histone proteins are highly tunable through their protruding 
tails which can be posttranslational modified on many positions. The nucleosomes 
organize and package the DNA into the nucleus of a cell into highly ordered 
structures allowing for flexible modulation of gene expression patterns.  
        The epigenetic state of a gene is an important factor that determines the 
expression level of a gene (4). The two main components of epigenetic regulation 
(Figure 1) are DNA methylation; the addition of methyl group on the 5th position 
of the cytosine ring within CpG dinucleotides (CpGs) (5), and posttranslational 
histone modifications (4). A variety of histone modifications have been identified, 
including histone methylation (e.g. trimethylation of lysine 9 of histone 3) and 
histone (de)acetylation (e.g. (de)acetylation of histone 3). Methylation of DNA and 
histones is usually associated with low levels of gene expression, while 
unmethylated DNA and histone acetylation is usually associated with high levels 
of gene expression (4). However, there are several exceptions, for example the 
very well-studied histone mark trimethylation of lysine 4 of histone H3 is usually 
associated with high levels of transcription (4). Especially epigenetic modifications 
found in the promoter region of a gene (region of DNA that initiates transcription) 
determine if a gene is transcribed or not. In 40% of the genes, promoter regions 
contain CpG islands (DNA sequences with a high frequency of CpGs) (6). The DNA 
methylation levels of these CpG islands often determine if the gene is ‘off’ or ‘on’, 
while the histone modifications may play a role in determining the precise levels 
of gene expression.  
 
Epigenetics in cancer 
It becomes increasingly clear that many diseases are associated with epigenetic 
alterations causing aberrant gene expression (7). A common example is cancer. 

 



General introduction 

 

11 

 

 
   
Figure 1. DNA methylation and histone modifications. Schematic representation of the 
epigenetic layer on top of the DNA sequence which influence gene expression. 
 
Every year, more than 10 million people die from this disease, and the number of 
new cases is increasing rapidly. Therefore, cancer is one of the leading causes of 
death. Cancer is characterized by uncontrolled cell growth, as genes that 
stimulate cell proliferation (oncogenes) are overexpressed or gained function, 
while genes inhibiting these processes (tumor suppressor genes (TSGs)) are 
downregulated or dysfunctional. Although cancer has long been considered as a 
set of diseases caused by genetic abnormalities, new insights after intensive 
research justify the concept that cancer is an epigenetic disease as well. 
Epigenetic deregulation can lead to genomic instability and influences the gene 
expression pattern displayed by cells. The epigenetic dysregulation may even be 
the key that drives carcinogenesis (8). Besides that, most cancers harbor 
inactivating mutations in genes that control the epigenome, which further 
contribute to epigenetic deregulation and cancer progression (8). The most 
observed epigenetic abnormality in malignant cells is promoter DNA 
hypermethylation of CpG islands, which in turn are accompanied by the presence 
of repressive histone marks and a loss of activating histone marks, which further 
inhibit gene expression (9). For example, in various types of cancer, Maspin, 
EPB41L3, CDKN2A and RASSF1A are among the genes which are down-regulated 
by epigenetic mechanisms (10, 11) and are subject of investigation in the current 
thesis.  
         Cervical cancer is one of cancers which is extensively studied in this thesis, 
and is one of the top killers of women by cancer worldwide. In the last decade, 
genome-wide mapping of DNA methylation in normal- and cervical cancer 
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genomes revealed that a large number of genes in cervical cancer are associated 
with hypermethylated gene promoters (12), (11). Besides their functional 
implications of gene inactivation in tumor development, these methylation 
patterns can serve as diagnostic biomarkers for cervical cancer. Current 
screenings programs rely on the pap-smear assays which have poor sensitivity. 
Our group and others have reported several gene promoters that are specifically 
hypermethylated in cervical cancer. One of the hypermethylation markers we 
identified was C13ORF18 (10), but we and others also found that CCNA1, EPB41L3 
and TFPI2 methylation levels were strongly associated with cancer (11, 13-17). As 
promoter hypermethylation is often seen for TSGs, such potent diagnostic marker 
genes might exhibit tumor suppressive activities upon re-expression. Therefore, 
one of the goals in this thesis was to re-express these silenced marker genes and 
study their tumor suppressive activity in cervical cancer cell lines. Key TSGs for 
cervical cancer growth may subsequently be used as therapeutic target to 
decrease tumor growth in this malignancy. 
    It has already been shown that re-introduction of single genes into cancer cells 
where the gene is inactivated showed potent anti-tumor effects, as demonstrated 
for CDKN2A (encoding p16Ink4A) (18) or TP53 (19). Contrary to genes that are 
inactivated through genetic mutations, epigenetic deregulation is a reversible 
process and can be targeted by epigenetic drugs (20). Current clinical drugs, such 
as the DNA methylation inhibitor Decitabin (5-aza-deoxycytosine) and the histone 
deacetylase inhibitor Vorinostat (suberoylanilide hydroxamic acid, SAHA), induce 
re-expression of a variety of hypermethylated silenced genes (21). So far, four 
epigenetic drugs have been FDA approved for subtypes of leukemias and 
lymphomas, and ongoing clinical trials in solid tumors indicate some beneficial 
effects for these patients as well (22). However, the disadvantages of these drugs 
include their genome-wide effects (20). In that respect it is important to note that 
epigenetic drugs have been shown to drive tumor promotion and metastasis by 
enhanced expression of pro-metastatic genes (23). Therefore, gene-targeted re-
activation of TSGs is of great importance. A novel way to achieve gene-targeted 
re-activations is by the use of artificial transcription factors (ATFs) (24). 
 
Artificial transcription factors (ATFs) 
An interesting development in the last years for the gene-targeted re-expression 
of silenced genes or the downregulation of overexpressed genes is the use of ATFs 
(24). ATFs consist of a transcriptional regulatory domain coupled to an engineered 
DNA binding domain (Figure 2), such as a Zinc Finger Protein (ZFP), a transcription 
activator-like effector (TALE) protein or a Clustered Regularly Interspaced Short 
Palindromic Repeats (CRISPR) associated 9 (Cas9) protein. Such DNA binding 
domains can be designed to target virtually any gene in the human genome (25, 
26). While the TALE and CRISPR/CAS9 system are relative new targeting platforms, 
ZFP-mediated targeting has already been explored for more than a decade, and 

 



General introduction 

 

13 

this system is best characterized for its ability to target and modulate gene 
expression. ZFPs are natural occurring transcription factors containing several 
DNA binding domains (“fingers”). Each finger is around 30 amino acids and 
recognizes three base pairs. Individual fingers can be stitched together to increase 
their specificity. Typically, ZFPs are designed to target an unique DNA stretch of 18 
base pairs within the genomic DNA. An amino acid- DNA binding code has been 
generated allowing ZFPs to target the desired triplet (27). The most common 
transcriptional regulatory domains are the gene-activator VP64 (a tetramer of the 
herpes simplex virus gene activator VP16) and the gene-repressor SKD  
 
 

 
 
 
 
 
Figure 2. Artificial transcription factors (ATFs). ATFs are fusion proteins consisting of a 
DNA binding domain (DBD), e.g. an engineered Zinc Finger Protein (ZFP), fused to a 
transcriptional effector domain. The DBD is targeted to the gene of interest. The effector 
domain enforces the modulation of gene expression (VP64, SKD). The approach can be 
redesigned to directly modulate the epigenetic landscape (Epigenetic Editing) depending 
on which effector domain (e.g. Tet2, G9a, SUV39H1 and M.Sss1) is used.  
 
(Kruppel associated box repressor domain). ATFs technology has proven itself as 
very useful tool for the modulation of gene expression in many disease models 
(24) and ZFP-targeting is currently the most advanced DNA targeting approach. 
This technology has the potency to activate gene expression, but depending on 
the transcriptional regulatory domain, can also down-regulate gene-expression 
(28). Compared to the current drugs which target only 2.5% of the proteins, the 
ability to target any gene using ATFs, including previously undruggable targets (29, 
30), is a huge advantage. Traditional cDNA expression approaches have the 
disadvantage that only one splice variant is expressed, but ATFs enable expression 
from the endogenous gene locus allowing for all splice variants to be expressed in 
natural ratios. The importance of expressing alternative splice variants have been 
demonstrated for the VEGF gene (31) and was the basis for the first clinical trial 
based on ATFs. Furthermore, ATFs achieve efficient gene silencing by targeting the 

TAACGCGGACAGTGAAGTGCTACATGAGTCGGACTCAGACTCCAGGTGAAGCAGCCAGCAGAGGTCAGAGAGAGACAGCTCACGTTCCGGGTAATGTTGCAGGTCGAT 

 1 

Effector domain: gene activator VP64 
                                 gene repressor SKD 
                                 DNA demethylator Tet2 
                                 DNA methylator M.Sss1  
                                 histone methylator G9a, SUV39H1  

Enforced modulation of 
gene expression 

Zinc Finger Protein: designed and engineered to target 18 bp in the chosen gene promoter 
(this thesis: EPCAM, ICAM-1, C13ORF18, CCNA1, TFPI2, Maspin, EPB41L3, Her2 and PLOD2). 

target gene 
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DNA molecule directly, thereby overcoming the difficulties of RNA interference 
which needs to target continuously the newly produced mRNA molecules. The 
above mentioned advantages make ATFs suitable to study gene function or to 
modulate gene expression for therapeutic purposes. Interestingly, the ZFPs can 
also be attached to nucleases for site-specific DNA editing (changing of the 
genetic sequence at a specific site). Genome editing with engineered nucleases 
was declared ‘Method of the Year 2011’ by Nature Methods (32) and currently 
several clinical phase II ZF-nuclease trials are ongoing. 
 
Epigenetic editing 
The transcriptional effects of VP64 and SKD are traditionally considered transient 
in differentiated cells, as no epigenetic marks are actively rewritten, and genes 
likely return to the ‘normal’ state after the ATF is removed (33, 34). For 
‘permanent’ modulation of gene expression, the epigenetic marks need to be 
rewritten, which may be achieved by a technique called Epigenetic Editing (35). 
Epigenetic editing is the gene-specific targeting of epigenetic enzymes to 
overwrite epigenetic signatures and to achieve long-term a) silencing of actively 
transcribed genes or b) re-expression of epigenetically silenced genes. Targeted 
epigenetic enzymes have the potency to change local DNA methylation or histone 
modifications at the site, which may result in transcriptional modulation. 
Epigenetic editing offers attractive prospects as the introduced epigenetic 
changes may achieve stable reprogramming, even after clearance of the drug (hit 
and run approach). So far, this exciting novel strategy has already resulted in the 
efficient transcriptional modulation of various genes targeting either histone 
modifications or DNA methylation. VEGF was the first gene modified by epigenetic 
editing; the catalytic domains of histone methyl transferases G9a and SUV39-H1 
were targeted to the VEGF promoter, resulting in efficient downregulation by the 
induced repressive histone marks (36). The subsequent targeting of 
methyltransferase (DNA methylating enzyme) to the promoter regions of Sox2, 
Maspin and VEGF demonstrated that downregulation can also be achieved by 
targeted DNA methylation (37, 38). In this thesis, we further explored such 
targeting of histone modifying enzymes and DNA methylating enzymes for their 
repressive effects on gene expression. 
     To achieve long term re-expression of epigenetically silenced genes by means 
of epigenetic editing, epigenetically activating enzymes or enzymes that remove 
repressive marks, such as DNA methylation, can be targeted to silenced 
promoters. Recently, the ten eleven translocation (Tet) enzymes have been 
identified as actively DNA demethylators (39). Therefore, Tet proteins can be 
fused to ZFPs to achieve site-specific demethylation potentially resulting in gene-
activation. For a long time, gene activation by targeted DNA demethylation 
seemed unfeasible in mammalian cells as no enzymes were identified with the 
capacity to actively demethylate DNA, although various biological processes 
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hinted to the existence of such mechanism, including the rapid demethylation of 
the paternal genome in the zygote hours after fertilisation (40). With the 
identification of the Tet-enzymes and other enzymes implicated in the DNA 
demethylating pathway, the feasibility of targeted DNA demethylation to activate 
gene expression is under exploration and receives widespread attention (41). 
Recently, the first studies appeared which achieved demethylation and 
upregulation of genes by targeting DNA demethylases to hypermethylated 
promoters (42, 43).  Also in this thesis, we investigated the ability of Tet-enzymes 
(Tet2) to demethylate and activate hypermethylated genes.  
 
 
Scope of the thesis 
This thesis describes how ZFP-based ATF-technology can be applied to unravel a 
biological function of silenced genes currently arising from biomarker searches in 
cervical cancer and other malignancies. Furthermore, this thesis aims to provide 
more insights into causal effects of epigenetic marks on gene expression patterns 
(DNA methylation, histone modifications) and crosstalk in-between. Moreover, 
we explored the potencies of epigenetic editing to achieve stable expression 
modulation and we contribute to unravelling the underlying epigenetic rules for 
such epigenetic reprogramming. Current approaches for stable re-expression 
modulation require the potentially hazardous integration of viral DNA into the 
host genome, which limit their clinical use. The presented hit-and-run strategy 
circumvents these integrations, and assists to realize the curable genome concept, 
allowing a major role in modulation of expression of any gene at will, including 
currently undruggable (non)protein-coding genes.  
   In total, we utilized 38 ZFPS (34 self-engineered ZFPs) targeted to eight different 
genes (Table I), fused them to transcriptional expression modulators (VP64, SKD) 
or epigenetic enzymes (Tet2, G9A, SUV39H1 and M.Sss1) and studied the effect 
on various cell biological features, including target gene expression modulation, 
cell growth, DNA methylation and histone modifications. 
 
Targeting the EpCAM and ICAM-1 promoter to decrease tumor growth in ovarian 
cancer 
The first gene we modulated by ATF-technology was our model gene epithelial 
cell adhesion molecule (EpCAM), which is overexpressed in most carcinomas. 
Dependent on the tumor type, its overexpression is either associated with 
improved or worse patient survival. For ovarian cancer however, the role of 
EpCAM remains unclear. We used previously engineered ATFs for both the up- 
and downregulation of EpCAM. The bidirectional ATF-based approach is uniquely 
suited to study cell-type-specific biological effects of EpCAM expression. Using this 
approach, the function of EpCAM in ovarian cancer was investigated (Chapter 2). 
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Table I. The gene-targeted ATFs used in this thesis. 
 
Gene Function  ATFs 

EPCAM Calcium-independent cell adhesion molecule overexpressed on 
cancer cells 

2 

ICAM-1 Cell adhesion molecule involved in immune response (44)  1* 

C13ORF18 Putative TSG with unknown function, possibly involved in 
autophagy regulation 

5 

CCNA1 Cyclin involved in control of (germ line meiotic) cell cycle  6 

TFPI2 Linked to regulation of plasmin-mediated matrix remodeling 11 

Maspin Inhibits  cell motility and invasion, inhibitor of HDAC-1  2* 

EPB41L3 Cell adhesion, cell motility and cell growth 2 

HER2 Enhances activation of signaling pathways promoting cell 
proliferation (45) 

1* 

PLOD2 Catalyses the hydroxylation of lysyl residues in collagen-like 
peptides  

8 

*from literature 
 
In the next chapter (Chapter 3), we investigated whether ICAM-1 can function as 
TSG in ovarian cancer in the absence of immune cells. ICAM-1 is a protein which is 
commonly expressed on endothelial cells and cells of the immune system. In 
ovarian cancer, ICAM-1 is downregulated compared with healthy ovarian cells and 
expression is correlated with decreased tumorigenicity (46). Whereas ICAM-1 
expression on tumor cells is of importance for attracting immune cells, ICAM-1 
might also induce tumorigenicity and chemoresistance. In ovarian cancer, such a 
role of ICAM-1 is unclear. We investigated whether ICAM-1 has a tumor 
suppressive role in this malignancy by re-expression of ICAM-1 using previously 
published ICAM-1-targeting ATFs (44).  
 
Re-expression of TSGs in cervical cancer  
To investigate whether we could achieve re-expression of genes which were 
aberrantly silenced by promoter hypermethylation in cervical cancer, we 
performed three different studies. In the first study, we aimed to re-express 
C13ORF18 in cervical cancer cell lines by five engineered ATFs and studied the 
effect of re-expression on cancer-related cell biological features. Currently, the 
function of C13ORF18 is unknown, but this gene is specifically methylated in 
cervical cancer compared to normal cervix (10). This supposed silenced state of 
C13ORF18 in cervical cancer hints towards a tumor suppressive role for this gene 
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in this malignancy, which was elaborately explored in this chapter. Moreover, in 
this chapter we describe the effects of targeting ATFs to the C13ORF18 promoter 
on the local DNA methylation levels and histone modifications (Chapter 4).  
       In the second study (Chapter 5), we aimed to re-activate the hypermethylated 
candidate tumor suppressor genes C13ORF18, CCNA1, TFPI2 and Maspin by Tet-
induced demethylation. To target Tet2 to hypermethylated CpGs, we used 
engineered zinc fingers proteins (ZFPs), which were all validated for gene 
regulatory capacity by fusions to VP64. We also compared the hypothesized 
tumor suppressive effects of these genes by the engineered gene-targeting 
constructs as well as by cDNA overexpression. We used primary spherical growing 
cell lines to study the functional effects, which are a better representative 
compared to established cell lines, and may gap the bridge with real tumors. 
Furthermore, we addressed the binding of ZFPs to their intended sequence and 
throughout the genome using ChIP-Seq and elaborate on the ‘questionable’ role 
of Maspin as TSG (47) in (cervical) cancer.  
          In the third study, we aimed to fully reprogram the biomarker EPB41L3 in 
order to improve the sustainability of gene re-expression using the synergistic 
effects of ATFs with epigenetic drugs (5-aza-dC or TSA). Until now, no methods 
exist to permanently re-activate single silenced genes, and this chapter describes 
a novel way to improve the sustainability of targeted re-expression. We also 
addressed the potential synergy of ATFs with epigenetic drugs. Interestingly, 
EPB41L3 was recently identified as the best marker for detecting CIN2/3 (13, 17), 
but its function in cervical cancer has not been explored yet (Chapter 6). 
 
Downregulation of gene-expression by epigenetic editing  
In order to down-regulate gene expression, we targeted Human Epidermal 
Growth Factor Receptor 2 (HER2) linked to repressive epigenetic editing domains. 
HER2 is an important member of the epidermal growth factor receptor family and 
overexpressed in several cancer types. Downregulation of this oncogene 
dramatically decreases cancer cell metabolism, growth and proliferation. In this 
chapter, we targeted the HER2 promoter using a previously described ZFP specific 
for the HER2 promoter (45) and fused it to histone methyl transferases G9a and 
SUV39H1. Subsequently, we investigated if we could overwrite the histone 
modifications in the HER2 promoter and whether this results in HER2 expression 
modulation and reduced tumorigenicity (Chapter 7). 

          To further exploit the potentials of ATFs and Epigenetic Editing for the 
downregulation of gene expression, we set out to target procollagen-lysine, 2-
oxoglutarate 5-dioxygenase 2 (PLOD2). Excessive collagen deposition is the 
hallmark of fibrosis (48), and downregulation of PLOD2 is believed to inhibit this 
process. For the silencing of target genes, both targeted methylation of DNA and 
histones has been explored. However, insights into sustainability of gene 
expression modulation by such methods are largely lacking. In this chapter, we 
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designed a system to compare the effects of a strong DNA methylator (M.SssI) 
and a strong gene repressor (SKD) on sustainability of gene repression of PLOD2. 
We engineered stable inducible human skin fibroblasts to express ZFP-SKD or ZFP-
M.SssI fusions targeting the PLOD2 promoter. After short term expression of the 
PLOD2-targeting constructs, we investigated the effects on gene expression and 
local epigenetic features (DNA methylation and histone marks). Finally, we aimed 
to downregulate PLOD2 expression in a profibrotic environment (mimicked by 
addition of TFGb) to demonstrate the therapeutic potential of our tools (Chapter 
8). In Chapter 9 the results from chapter 2-8 are summarized and discussed. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



General introduction 

 

19 

References 
 

1. Harrow J, Frankish A, Gonzalez JM, et al. GENCODE: The reference human genome 
annotation for the ENCODE project. Genome Res 2012;22(9):1760-74.  

2. Park YJ, Claus R, Weichenhan D, Plass C. Genome-wide epigenetic modifications in 
cancer. Prog Drug Res 2011;67:25-49.  

3. Van Holde KE, Sahasrabuddhe CG, Shaw BR. A model for particulate structure in 
chromatin. Nucleic Acids Res 1974;1(11):1579-86.  

4. ENCODE Project Consortium, Bernstein BE, Birney E, et al. An integrated encyclopedia of 
DNA elements in the human genome. Nature 2012;489(7414):57-74.  

5. Holliday R, Pugh JE. DNA modification mechanisms and gene activity during 
development. Science 1975;187(4173):226-32.  

6. van Vlerken LE, Hurt EM, Hollingsworth RE. The role of epigenetic regulation in stem cell 
and cancer biology. J Mol Med (Berl) 2012;90(7):791-801.  

7. Baylin SB, Jones PA. A decade of exploring the cancer epigenome - biological and 
translational implications. Nat Rev Cancer 2011;11(10):726-34.  

8. You JS, Jones PA. Cancer genetics and epigenetics: Two sides of the same coin? Cancer 
Cell 2012;22(1):9-20.  

9. Jones PA. Functions of DNA methylation: Islands, start sites, gene bodies and beyond. 
Nat Rev Genet 2012;13(7):484-92.  

10. Yang N, Eijsink JJ, Lendvai A, et al. Methylation markers for CCNA1 and C13ORF18 are 
strongly associated with high-grade cervical intraepithelial neoplasia and cervical cancer in 
cervical scrapings. Cancer Epidemiol Biomarkers Prev 2009;18(11):3000-7.  

11. Hoque MO, Kim MS, Ostrow KL, et al. Genome-wide promoter analysis uncovers 
portions of the cancer methylome. Cancer Res 2008;68(8):2661-70.  

12. Lendvai A, Johannes F, Grimm C, et al. Genome-wide methylation profiling identifies 
hypermethylated biomarkers in high-grade cervical intraepithelial neoplasia. Epigenetics 
2012;7(11):1268-78.  

13. Vasiljevic N, Scibior-Bentkowska D, Brentnall AR, Cuzick J, Lorincz AT. Credentialing of 
DNA methylation assays for human genes as diagnostic biomarkers of cervical 
intraepithelial neoplasia in high-risk HPV positive women. Gynecol Oncol 2014.  

14. Sova P, Feng Q, Geiss G, et al. Discovery of novel methylation biomarkers in cervical 
carcinoma by global demethylation and microarray analysis. Cancer Epidemiol Biomarkers 
Prev 2006;15(1):114-23.  

15. Santin AD, Zhan F, Bignotti E, et al. Gene expression profiles of primary HPV16- and 
HPV18-infected early stage cervical cancers and normal cervical epithelium: Identification 
of novel candidate molecular markers for cervical cancer diagnosis and therapy. Virology 
2005;331(2):269-91.  

 1 

 



Chapter 1 

 

20 

16. Kitkumthorn N, Yanatatsanajit P, Kiatpongsan S, et al. Cyclin A1 promoter 
hypermethylation in human papillomavirus-associated cervical cancer. BMC Cancer 
2006;6:55.  

17. Eijsink JJ, Lendvai A, Deregowski V, et al. A four-gene methylation marker panel as 
triage test in high-risk human papillomavirus positive patients. Int J Cancer 
2012;130(8):1861-9.  

18. Lu Y, Zhang X, Zhang J. Inhibition of breast tumor cell growth by ectopic expression of 
p16/INK4A via combined effects of cell cycle arrest, senescence and apoptotic induction, 
and angiogenesis inhibition. J Cancer 2012;3:333-44.  

19. Hamada K, Alemany R, Zhang WW, et al. Adenovirus-mediated transfer of a wild-type 
p53 gene and induction of apoptosis in cervical cancer. Cancer Res 1996;56(13):3047-54.  

20. Rius M, Lyko F. Epigenetic cancer therapy: Rationales, targets and drugs. Oncogene 
2012;31(39):4257-65.  

21. Rodriguez-Paredes M, Esteller M. Cancer epigenetics reaches mainstream oncology. 
Nat Med 2011;17(3):330-9.  

22. Juergens RA, Wrangle J, Vendetti FP, et al. Combination epigenetic therapy has efficacy 
in patients with refractory advanced non-small cell lung cancer. Cancer Discov 
2011;1(7):598-607.  

23. Yu Y, Zeng P, Xiong J, Liu Z, Berger SL, Merlino G. Epigenetic drugs can stimulate 
metastasis through enhanced expression of the pro-metastatic ezrin gene. PLoS One 
2010;5(9):e12710.  

24. Sera T. Zinc-finger-based artificial transcription factors and their applications. Adv Drug 
Deliv Rev 2009;61(7-8):513-26.  

25. Uil TG, Haisma HJ, Rots MG. Therapeutic modulation of endogenous gene function by 
agents with designed DNA-sequence specificities. Nucleic Acids Res 2003;31(21):6064-78.  

26. Gersbach CA, Perez-Pinera P. Activating human genes with zinc finger proteins, 
transcription activator-like effectors and CRISPR/Cas9 for gene therapy and regenerative 
medicine. Expert Opin Ther Targets 2014;18(8):835-9.  

27. Carroll D, Morton JJ, Beumer KJ, Segal DJ. Design, construction and in vitro testing of 
zinc finger nucleases. Nat Protoc 2006;1(3):1329-41.  

28. Gersbach CA, Gaj T, Barbas CF,3rd. Synthetic zinc finger proteins: The advent of 
targeted gene regulation and genome modification technologies. Acc Chem Res 
2014;47(8):2309-18.  

29. Stolzenburg S, Rots MG, Beltran AS, et al. Targeted silencing of the oncogenic 
transcription factor SOX2 in breast cancer. Nucleic Acids Res 2012;40(14):6725-40.  

30. Ji Q, Fischer AL, Brown CR, et al. Engineered zinc-finger transcription factors activate 
OCT4 (POU5F1), SOX2, KLF4, c-MYC (MYC) and miR302/367. Nucleic Acids Res 
2014;42(10):6158-67.  

 



General introduction 

 

21 

31. Rebar EJ, Huang Y, Hickey R, et al. Induction of angiogenesis in a mouse model using 
engineered transcription factors. Nat Med 2002;8(12):1427-32.  

32. Baker M. Gene-editing nucleases. Nat Methods 2012;9(1):23-6.  

33. Beltran AS, Russo A, Lara H, Fan C, Lizardi PM, Blancafort P. Suppression of breast 
tumor growth and metastasis by an engineered transcription factor. PLoS One 
2011;6(9):e24595.  

34. Tan S, Guschin D, Davalos A, et al. Zinc-finger protein-targeted gene regulation: 
Genomewide single-gene specificity. Proc Natl Acad Sci U S A 2003;100(21):11997-2002.  

35. de Groote ML, Verschure PJ, Rots MG. Epigenetic editing: Targeted rewriting of 
epigenetic marks to modulate expression of selected target genes. Nucleic Acids Res 
2012;40(21):10596-613.  

36. Snowden AW, Gregory PD, Case CC, Pabo CO. Gene-specific targeting of H3K9 
methylation is sufficient for initiating repression in vivo. Curr Biol 2002;12(24):2159-66.  

37. Rivenbark AG, Stolzenburg S, Beltran AS, et al. Epigenetic reprogramming of cancer 
cells via targeted DNA methylation. Epigenetics 2012;7(4).  

38. Siddique AN, Nunna S, Rajavelu A, et al. Targeted methylation and gene silencing of 
VEGF-A in human cells by using a designed Dnmt3a-Dnmt3L single-chain fusion protein 
with increased DNA methylation activity. J Mol Biol 2013;425(3):479-91.  

39. Tahiliani M, Koh KP, Shen Y, et al. Conversion of 5-methylcytosine to 5-
hydroxymethylcytosine in mammalian DNA by MLL partner TET1. Science 
2009;324(5929):930-5.  

40. Oswald J, Engemann S, Lane N, et al. Active demethylation of the paternal genome in 
the mouse zygote. Curr Biol 2000;10(8):475-8.  

41. Voigt P, Reinberg D. Epigenome editing. Nat Biotechnol 2013;31(12):1097-9.  

42. Maeder ML, Angstman JF, Richardson ME, et al. Targeted DNA demethylation and 
activation of endogenous genes using programmable TALE-TET1 fusion proteins. Nat 
Biotechnol 2013;31(12):1137-42.  

43. Chen H, Kazemier HG, de Groote ML, Ruiters MH, Xu GL, Rots MG. Induced DNA 
demethylation by targeting ten-eleven translocation 2 to the human ICAM-1 promoter. 
Nucleic Acids Res 2014;42(3):1563-74.  

44. Magnenat L, Blancafort P, Barbas CF,3rd. In vivo selection of combinatorial libraries 
and designed affinity maturation of polydactyl zinc finger transcription factors for ICAM-1 
provides new insights into gene regulation. J Mol Biol 2004;341(3):635-49.  

45. Beerli RR, Dreier B, Barbas CF,3rd. Positive and negative regulation of endogenous 
genes by designed transcription factors. Proc Natl Acad Sci U S A 2000;97(4):1495-500.  

46. Arnold JM, Cummings M, Purdie D, Chenevix-Trench G. Reduced expression of 
intercellular adhesion molecule-1 in ovarian adenocarcinomas. Br J Cancer 
2001;85(9):1351-8.  

 1 

 



Chapter 1 

 

22 

47. Teoh SS, Vieusseux J, Prakash M, et al. Maspin is not required for embryonic 
development or tumour suppression. Nat Commun 2014;5:3164.  

48. van der Slot AJ, Zuurmond AM, Bardoel AF, et al. Identification of PLOD2 as telopeptide 
lysyl hydroxylase, an important enzyme in fibrosis. J Biol Chem 2003;278(42):40967-72.  

 

 

 

 




