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SUMMARY  

It is now well established that alterations in DNA methylation patterns 
contribute to tumor development. Both gains (DNA hypermethylation) and 
losses (DNA hypomethylation) of this repressive mark are observed in tumors. 
Our group demonstrated that DNA hypomethylation in tumors induces 
transcriptional activation of a defined group of genes, which normally show 
specific expression in the germline. These genes were grouped under the term 
"cancer-germline" genes (CG genes). The main goal of the laboratory is to 
characterize the epigenetic regulation and functional roles of CG genes. Our 
work focused on the GABRA3 gene locus, where we discovered the existence of 
two overlapping transcripts: BT-GABRA3, which is expressed specifically in brain 
and testis; and CT-GABRA3, starting ~250 kb upstream, which is expressed 
exclusively in testis. CT-GABRA3 (but not BT-GABRA3) exhibits typical features of a 
CG gene, as it shows promoter hypomethylation and transcriptional activation 
in various tumors. CT-GABRA3 carries a clustered pair of miRNAs (miR-105 and 
miR-767), which show concurrent expression in tumors. Interestingly, an 
independent group identified miR-105 as a crucial promoter of cancer 
metastasis, due to its ability to weaken vascular endothelial barriers following 
exosomal secretion. On the other hand, we demonstrated that miR-767 inhibits 
expression of TET1, a gene with tumor suppressive functions involved in 
epigenetic processes of DNA demodification. Moreover, our studies revealed 
that CT-GABRA3 hypomethylation/activation in tumors is correlated with 
hypermethylation of the downstream BT-GABRA3 promoter. The mechanism 
underlying this interdependent epigenetic alteration appears to involve 
deposition of the histone mark H3K36me3 on the entire CT-GABRA3 transcribed 
region, which includes the BT-GABRA3 promoter. Finally, we observed that in 
tumor cells where the BT-GABRA3 promoter is hypermethylated, the gene 
becomes sensitive to DNA demethylation, suggesting a process of epigenetic 
switch. Together our work revealed the existence of a novel miRNA-producing 
CG gene with oncogenic potential. It also uncovered a unusual mechanism of 
epigenetic alteration in tumors, whereby DNA hypomethylation and 
hypermethylation are linked via a process of transcriptional overlap. 
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DNA IS NOT DESTINY: THE NEW SCIENCE OF EPIGENETICS 

The DNA structure was discovered in 1953 by Watson and Crick, and few 
years later, the genetic code was cracked by Khorana and Nirenberg, along with 
Robert Holley. By the year 2001, the entire human genome sequence was 
published. Three billion base pairs of the human genome have been decrypted 
with about 25.000 genes coding for proteins that have been precisely located on 
the 23 chromosomes pairs. By that time, it was thought that all that defines a 
human individual is irreversibly written in the DNA code, and that the sequence 
determines the way genes are expressed. Genetic polymorphisms and 
mutations were expected to explain differences in appearance, behavior and 
susceptibility for disease. However, DNA sequence is not destiny and is not 
enough to explain all traits.  

Regulation of the genetic machinery is defined by additional information 
that can be transmitted through cell division. If all cells have the same genetic 
information the key to these differences might come from “epigenetics”. 
According to Mark Ptashne, epigenetics corresponds to “a change in the state of 
expression of a gene that does not involve a mutation, but that is nevertheless 
inherited in the absence of the signal or event that initiated the change” 
(Ptashne 2007). A healthy human body needs many different cells such as brain 
cells, blood cells, skin cells etc. all deriving from a single fertilized egg cell, the 
zygote. During cell differentiation, some genes get switched on, while others are 
switched off. These gene expression patterns are transmitted from one cell to its 
daughter. Epigenetics guides cells through development and confers an 
epigenetic “memory” to maintain cell type-specific transcriptional patterns in 
the adult (D'Urso and Brickner 2014). The reading of the genome depends 
therefore on its cellular history. Epigenetics involves multiple mechanisms 
inducing chromatin changes such as DNA modifications or chemical adjunctions 
on histones, which are proteins acting as coils around which DNA rolls. If 
epigenetic mechanisms are altered, genes can be turned on or off in the wrong 
cells or at the wrong time and lead to disease.  
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DNA METHYLATION: A FORM OF EPIGENETIC CONTROL OF 
GENE EXPRESSION 

The first suggestion of the existence of modified DNA has been 
proposed in 1947, even before the double helix structure had been discovered 
(Vischer and Chargaff 1947). The predominant modified DNA mark in vertebrate 
genomes is the covalent addition of a methyl group on position five of the 
pyrimidine ring of a cytosine, which is called 5-methylcytosine (5mC) (Rollins et 
al. 2006; Schubeler 2015). Mammalian methylation occurs predominantly in a 
cytosine-phosphate-guanine (CpG) dinucleotide context (Gruenbaum et al. 
1981) and is the most studied epigenetic mark. 5mC is extensively present in all 
human cells.  

1 Genomic distribution of modified cytosines 

In mammals, 70% to 80% of all CpG dinucleotides are methylated 
(Ehrlich et al. 1982; Robertson 2005). Surprisingly, CpG dinucleotides in 
mammalian genomes are only present at 21% of the expected frequency. This 
has been attributed to the hypermutability of methylated CpG, where 
methylated cytosines are converted to thymines by a deamination reaction 
(Figure 1). It is thought that this hypermutability has led to a depletion of CpG 
dinucleotides during evolution (Bird 1980; Holliday and Grigg 1993; Smallwood 
et al. 2011).  

 

Figure 1: Cytosine methylation in a CpG context and 5-methylcytosine deamination 
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The distribution of the CpG dinucleotides in the genome is not 
homogenous. While the majority of the genome is nearly completely 
methylated, it is punctuated however by non-methylated and CpG-dense DNA 
sequences called “CpG islands” (CGIs) (Figure 2). These short regions have kept 
a high density of CpG sites (Gardiner-Garden and Frommer 1987) probably 
because they are kept unmethylated (Smallwood et al. 2011). A majority of the 
annotated promoters in the human genome has been reported to contain CGIs 
(Saxonov et al. 2006; Jiang et al. 2014), but CGIs can also be present in intra- and 
intergenic regions (Figure 2) (Illingworth et al. 2010).  

 

Figure 2: Genomic distribution of CGIs. (A) CGIs can be located in transcription start sites 
(TSS), within coding gene region (Intragenic), or between genes (Intergenic). (B) Proportion of CGIs 
through the three distinct genomic regions according to Illingworth (Illingworth et al. 2010). White 
lollipop: non-methylated CpG, black lollipop: methylated CpG.. 

2 DNA METHYLATION : a transcriptional regulation mechanism 

What is the effect of DNA methylation on gene transcription? 

Classically, DNA methylation induces gene transcription silencing (Razin 
and Riggs 1980; Jones and Takai 2001). This action is mediated by two main 
mechanisms (Figure 3). Firstly, the presence of 5mC in a promoter region can 
physically impede the binding of transcription factors (TF) to their targeted 
sequence (Wade 2001). Secondly, 5mC can be recognized by specialized 
proteins such as Methyl-CpG binding domain proteins (MBDs). In turn, these 
proteins enhance chromatin compaction by recruiting repressors that establish 
a repressive chromatin state suitable for stable gene silencing (Herman and 
Baylin 2003; Goll and Bestor 2005).  
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Figure 3: Transcriptional repression by DNA methylation. (A) Active genes with an 
unmethylated promoter enables transcription factors to bind. (B) DNA methylation masks the 
targeted sequences of transcription factors, which are therefore unable to initiate gene 
transcription. (C) DNA methylation is recognized by specific proteins like Methyl-CpG binding 
proteins (MBDs) that will subsequently recruit co-repressor complexes and inhibit gene 
transcription. White lollipop: non-methylated CpG, black lollipop: methylated CpG. 

While active genes exhibit an absence of DNA methylation around their 
promoter regions, substantial amounts of DNA methylation are often found 
within their transcribed region (Figure 4) (Jones 2012). It is suggested that DNA 
methylation in the core region of a gene enhances transcriptional expression 
(Zhang et al. 2006). This suggestion is strengthened by the fact that methylation 
located immediately downstream of a transcription start site (TSS) antagonizes 
the binding of Polycomb repressive complexes (PRC) protein complexes that 
induces histone modifications involved in gene repression (Wu et al. 2010). 
Methylation in the gene bodies does not block transcription elongation and 
might even stimulate it (Yang et al. 2014). Methylation within gene bodies is also 
suggested to silence spurious transcription or alternative splicing as methylation 
of gene body CpGs appears to be associated with repression of intragenic 
promoters (Maunakea et al. 2010). 
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Figure 4: Illustration of the potential functions of CpG methylation within the gene body 
of a transcriptionally active gene. DNA methylation could enhance the principal promoter activity 
by inhibiting PRC repressor complex and could silence downstream spurious transcription. White 
lollipop: non-methylated CpG, black lollipop: methylated CpG. 

What are the genes targeted by DNA methylation? 

It was originally proposed that DNA methylation would be a general 
mechanism to control gene transcription during cellular differentiation (Riggs 
1975). However, many tissue-specific genes show an inconstant relationship 
between promoter methylation and expression level (Walsh and Bestor 1999; 
Warnecke and Clark 1999). Many tissue-specific genes for instance, contain a CGI 
within their promoter that is always unmethylated even in non-expressing 
tissues. Moreover, experimental demethylation of tissue-specific gene 
promoters is generally not sufficient to induce their activation (Michalowsky and 
Jones 1989). Although DNA methylation is essential for normal development 
(Gaudet et al. 2003), its role determining tissue-specific expression patterns is 
less pivotal than previously suggested.  

Even if the majority of CGIs are always unmethylated, some of them 
stand out as exceptions to this rule. These genes include imprinted genes, genes 
located on the inactivated X-chromosome and several genes with specific 
expression in germline cells (Li et al. 1993; De Smet et al. 1999; Plass and 
Soloway 2002; Sharp et al. 2011). Many genomic repeated sequences also 
contain CGIs that are generally methylated in most tissues (Ehrlich 2002). 
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Imprinted genes 

Gene transcription occurs generally from both alleles. In mammals, a 
small proportion (<1%) of genes are however expressed from only one allele 
(Wilkinson et al. 2007). During gametogenesis, certain genes will receive an 
“imprint”, which allows to distinguish the maternal origin from the paternal 
origin (Surani et al. 1984). Most imprinted genes possess differentially 
methylated regions (DMRs) whereby allelic methylation depends on the parent 
of origin (Reik and Walter 2001). Allele-specific DNA methylation profiles are 
acquired during the development of germ cells, and are maintained through 
fertilization and the development of the embryo.  

X-inactivated chromosome 

In female somatic cells, one of the two copies of the X-chromosome is 
inactivated. This phenomenon allows a balance between female cells, which 
have two copies of the X-chromosome, and male cells, which have only one 
copy (Lyon 1999). This process is initiated by the transcription of a long-non-
coding RNA (lncRNA), Xist, which is specifically expressed from the X-
chromosome that will be inactivated (Brockdorff et al. 1991; Penny et al. 1996). 
After local accumulation of this lncRNA, the whole X-chromosome is covered, 
and repressive chromatin modifications are brought onto the inactive 
chromosome (Avner and Heard 2001). Modifications include DNA methylation 
which extends within CGIs of gene promoters (Wutz 2011) (Figure 5). Even if 
DNA methylation is not the initial factor that represses these genes, it is essential 
to maintain their repression across cell divisions (Heard and Disteche 2006).  
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Figure 5: X-chromosome inactivation process. (A) Xist transcriptional activation. (B) 
Spreading of Xist all over the X-chromosome. (C) Factors such as Polycomb repressor complex 
(PRC) catalyze chromatin modification marks. (D) Methylation deposition maintains Xist-
independent gene silencing from the X-inactivated chromosome. Black lollipop: methylated CpG. 

Tissue-specific genes 

DNA methylation is not the general mechanism regulating tissue-
specific expression. Most genes indeed use other mechanisms, including histone 
modifications, to ensure tissue-specific expression. However, for a few genes, 
such as certain germline-specific genes, DNA methylation appears to be the 
primary mechanism of repression in non-expressing tissues (De Smet et al. 
1999). As these genes hold a central place in my thesis, a separate chapter is 
devoted to them at page 41. 

Genomic repeated sequences 

Endogenous transposable elements, which constitute about 40% of 
mammalian genomes, may harbor strong transcriptional promoters that must 
be constitutively repressed to prevent uncontrolled transcription. This is largely 
obtained through the methylation of the CpG sites contained in these 
sequences.  (Bourc'his and Bestor 2004; Hackett et al. 2012). It appears therefore 
that DNA methylation has an important role in maintaining stable silencing of 
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mobile transposable elements, thereby reducing their threat for genome 
integrity (Walsh et al. 1998; Reik 2007). 

3 Global DNA methylation level is dynamic during the mammalian life 
cycle 

The various profiles of DNA methylation observed in the different tissues 
are established during development. Once established, they are largely 
maintained during cell divisions in the adult. Two waves of DNA methylation 
reprogramming occur during embryo development (Reik et al. 2001) (Figure 6).  

Early Embryo Reprogramming 

A first wave of reprogramming is observed in the somatic cells of the 
very early embryo (Figure 6). Observations in mice revealed that following 
fertilization, the zygote undergoes a genome-wide demethylation that is 
completed by the stage of blastocyst. The paternal genome undergoes 
demethylation immediately after fertilization and is completed before DNA 
replication begins (Mayer et al. 2000; Oswald et al. 2000). In the maternal 
genome, demethylation occurs more slowly. Then, establishment of new DNA 
methylation patterns on the embryonic genome (both maternal and paternal 
genomes) starts in cells from the inner cell mass (ICM) at the time of 
implantation of the expanded blastocyst, and is completed prior to birth. This 
wave of DNA demethylation and remethylation is likely to play a role in the 
removal of parentally acquired epigenetic modifications (Reik et al. 2001). It has 
to be noticed that DMRs associated with imprinted genes escape this 
reprogramming process and keep the methylation patterns that correspond to 
their parental origin (Howell et al. 2001). 

Germ Cells Reprogramming 

The other wave of DNA methylation reprogramming (Figure 6) occurs 
early in the development of the primordial germ cells (PGCs) (Monk et al. 1987; 
Brandeis et al. 1993). In mice, DNA demethylation of PGC is completed by 
embryonic day 13 (Kafri et al. 1992). In the male germ line, remethylation begins 
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several days later to be completed at birth. In the female germ line, 
remethylation begins at birth to be completed at puberty (Kafri et al. 1992). This 
process is true for both single-copy gene sequences and DMRs regions 
associated with imprinted genes. The purpose of this reprogramming wave is 
the resetting of parental imprints and the removal of acquired epigenetic 
modifications (Reik et al. 2001).  

 

Figure 6: Schematic representation of the two waves of global DNA methylation 
reprogramming during development. One wave occurs after fertilization in somatic cells. It is the 
“early embryo reprogramming”. The second wave occurs in primordial germ cells (PGC). It is the 
“germ cells reprogramming”.  

4 Histone marks associated with DNA methylation 

DNA methylation is tightly interconnected with histone post-
translational modifications to control chromatin structure and function (Figure 
7). Histones are proteins around which DNA is tightly wrapped. They can 
undergo a panel of chemical modifications such as methylation, acetylation, 
phosphorylation, sumoylation and ubiquitinylation. Among these, the role of 
histone acetylation, histone 3 lysine 4 methylation (H3K4me), histone 3 lysine 27 
trimethylation (H3K27me3), histone 3 lysine 9 trimethylation (H3K9me3) and 
histone 3 lysine 36 trimethylation (H3K36me3) in transcriptional regulation are 
well documented and were investigated in the context of this thesis. These 
histone modifications will therefore be discussed in the following paragraphs 
(Figure 8) & (Table 1).  
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Figure 7: Schematic representation of chromatin organization. The basic unit of 
chromatin is the nucleosome. The latter contains the DNA which can be methylated and the 
histones can be methylated or acetylated. There are four different histones variants H2A, H2B, H3 
and H4. Tails of the histones are accessible outside the nucleosome and undergo several post-
translational modifications such as acetylation or methylation. White lollipop: non-methylated 
CpG, black lollipop: methylated CpG. 

Acetylation 

Histone acetylation corresponds to the addition of an acetyl group 
(CH3CO) to a lysine located on a histone tail. This reaction is catalyzed by histone 
acetyltransferases (HAT) (Roth et al. 2001). Conversely, histone acetylation can 
be erased by enzymes named histone deacetylases (HDACs). Histone acetylation 
is associated with an active chromatin state, as only transcriptionally active 
regions harbor this modification. Acetylation of the lysine neutralizes the 
positive charge and hence decreases the interaction between the histones and 
the negatively charged phosphate groups of DNA. Histone acetylation also 
attracts chromatin remodeling complexes and general transcription factors that 
facilitate transcription locally (Yang and Seto 2003).   
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HAT and HDAC enzymes are usually found in large multiprotein 
complexes near euchromatic regions of the chromatin (Saha and Pahan 2006). 
They can be specifically recruited to promoters by direct interaction with certain 
transcription factors. The local balance between HAT and HDAC activities in a 
chromatin region directs the level of histone acetylation and the level of 
transcription.  

Methylation 

Histone methylation can be catalyzed on lysine or arginine residues, and 
plays a central role in transcriptional regulation. The residues can be mono-, di- 
or tri- methylated and can be associated with transcriptional repression or 
activation.  

H3K4me: The methylation of lysine 4 of the histone3 (H3K4me) correlates 
positively with gene expression.  H3K4 can be mono-, bi-, or trimethylated (-
me1, -me2, -me3). H3K4me3 is mainly enriched in active transcription start sites 
(TSS) and H3K4me2 in transcribed regions of genes, while H3K4me1 is more 
associated with enhancer regions (Barski et al. 2007). H3K4me3 and –me2 
facilitate transcription by promoting the binding of positive transcription factors 
and by attracting chromatin remodeling complexes that favor an open 
chromatin configuration (Nishioka et al. 2002; Lauberth et al. 2013).  

H3K4me can be catalyzed by histone lysine methyl-transferases (HKMTs) 
such as MLL (mixed lineage leukemia) protein complexes and erased by histone 
lysine demethylases (HKDMs) such as LSD1 (lysine-specific demethylase 1).  

H3K9me3:  The trimethylation of lysine 9 of histone 3 (H3K9me3) is 
associated with silent genes (Barski et al. 2007). H3K9me3 is catalyzed by Suv-
39H enzyme or G9a (Rice et al. 2003) and can be bound by the heterochromatin 
protein 1 (HP1) to form condensed chromatin (Lehnertz et al. 2003). H3K9me3 
can be erased by HKDMs such as JMJD2 (jumanji domain 2). 

H3K27me3: The trimethylation of lysine 27 of the histone 3 is tightly 
associated with inactive gene promoters. The major enzyme that catalyzes 
H3K27 trimethylation is the EZH2 (enhancer of zeste homolog 2) enzyme 
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(Kuzmichev et al. 2002). This enzyme is a subunit of the large complex PRC2 
(Polycomb repressive complex 2) involved in the establishment and 
maintenance of repressive chromatin state during development and cell 
differentiation (Bracken et al. 2006). H3K27me3 is also an important mark of the 
inactive X chromosome (Rougeulle et al. 2004). H3K27 trimethylation can be 
erased by several HKDMs such as UTX (Ubiquitously transcribed 
tetratricopeptide repeat) or JMJD3 (jumanji domain 3) (Chen et al. 2012; Van der 
Meulen et al. 2014). 

H3K36me3: The trimethylation of lysine 36 of the histone 3 is specifically 
enriched in the body of those genes (Barski et al. 2007). During transcription 
H3K36me3 is deposited on histones by the SETD2 (SET domain containing 2) 
enzyme (Edmunds et al. 2008), which is associated with the transcriptional 
machinery (including RNA PolII). H3K36me3 recruits HDACs to deacetylate the 
histones and induce a repressive chromatin context to prevent spurious 
transcription that may otherwise initiate within the gene body (Carrozza et al. 
2005).  

 

Figure 8: Histone modifications and their association with chromatin context that 
correlates with transcriptional activation or repression of a gene. White lollipop: non-methylated 
CpG, black lollipop: methylated CpG. 
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Table 1: Major histone modifications, effects on gene transcription and enzymes 
involved in their settings.   
Modifications	
   Transcriptional	
  association	
   «	
  Writers	
  »	
  	
   «	
  Erasers	
  »	
  	
  

Acetylation	
   Activation	
   HATs	
   HDACs	
  
H3K4me3	
   Activation	
   MLL	
   LSD1/KDM1a	
  
H3K9me3	
   Repression	
   Suv39	
  /	
  G9a/SetDB1	
   JMJD2	
  
H3K27me3	
   Repression	
   EZH2	
   UTX	
  /	
  JMJD3	
  
H3K36me3	
   Activation	
   SETD2	
   KDM4A	
  

 

5 Regulation of DNA methylation 

5.1 Writing	
  DNA	
  methylation	
  
DNA methyltransferases (DNMTs) are the enzymes that catalyze the 

transfer of a methyl group from S-Adenosyl Methionine (SAM) to a cytosine in a 
CpG context. The family of DNMTs is composed of five members: DNMT1, 
DNMT2, DNMT3A, DNMT3B and DNMT3L (Figure 9). Two different DNA 
methyltransferase activities can be distinguished. The establishment of DNA 
methylation profiles during embryogenesis implies a de novo DNA 
methyltransferase activity which induces methylation of sequences initially 
unmethylated, whereas preservation of DNA methylation patterns after 
replication implies a maintenance DNA methyltransferase activity (Figure 10). 
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Figure 9: Schematic structure of the five members of DNMTs family enzymes with their 
main regulatory domains: ADD (ATRX-DNMT3-DNMT3L), CXXC (cysteine-rich ZN2+-binding 
domain), PBD (PCNA binding domain) PWWP (proline-tryptophan-tryptophan-proline), NLS 
(nuclear localization signal).  

 

Figure 10: Illustration of DNA methylation de novo and maintenance mechanisms 

de novo DNA methyltransferases 

The so-called de novo DNA methylation process involves DNMT3A and 
DNMT3B. These enzymes are essential for the setting of DNA methylation 
profiles during embryo development as it was demonstrated by knockout 
experiments in mice. The inactivation of DNMT3A and DNMT3B in mouse blocks 
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de novo methylation in post-implantation embryos and causes embryonic 
lethality (Okano et al. 1999). These enzymes are partially redundant in their 
functions, even if certain sequences are specifically targeted by DNMT3A or 
DNMT3B. DNMT3A is for example essential for the establishment of imprinting, 
and DNMT3B is responsible for the methylation of pericentromeric repetitive 
regions (Bachman et al. 2001). These two enzymes play a very important role in 
development and are only expressed at low levels in adult somatic tissues 
(Okano et al. 1999).   

The mechanisms which direct DNMT3s to their target sequences are not 
completely understood. Interconnections between DNMTs and histone marks 
seem to play a crucial role. DNMT3A and DNMT3B share an ADD (ATRX-DNMT3-
DNMT3L) domain that recognizes the unmethylated lysine of histone H3 (H3K4) 
(Zhang et al. 2010b). 

Interestingly, in gene bodies, several studies have suggested that the tri-
methylation lysine 36 of histone H3 (H3K36me3) could target de novo DNA 
methylation to these regions (Figure 11A). Catalyzed by SETD2 enzyme, 
H3K36me3 is targeted to the body of actively transcribed genes (Sun et al. 2005). 
Within gene bodies, H3K36me3 is enriched in exons relative to introns 
(Kolasinska-Zwierz et al. 2009; Spies et al. 2009; Huff et al. 2010) and correlates 
with DNA methylation profiles (Lorincz et al. 2004; Brown et al. 2012). 
Furthermore, DNMT3A and DNMT3B contain in addition to their ADD domain, a 
PWWP (Pro-Trp-Trp-Pro) domain which appears to read H3K36me3 (Baubec et 
al. 2015). This interaction is believed to guide DNA methylation to 
transcriptionally active genic regions, which do not include promoters 
(Dhayalan et al. 2010). During germline development however, processes of 
read through transcription appear to target DNA methylation towards 
downstream imprinted DMRs and gene promoters (Smallwood and Kelsey 
2012).  

De novo methylation often involves the initial binding of protein 
complexes capable of recruiting histone methylases or deacetylylases (Figure 11 
B). EZH2 was shown to recruit DNMT3s, which then methylate the underlying 
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DNA (Vire et al. 2006). It has also been reported that DNMT3A binds to HDAC 
using its ADD domain to silence transcription (Fuks et al. 2001). Hence, it 
appears that the chromatin context guides de novo methyltransferases. 

 

 

Figure 11: Mechanisms that induce de novo DNA methylation involving DNTM3s 
proteins. (A) DNMT3A and DNMT3L recognize DNA or chromatin by specific domains. The ADD 
domain of DNMT3A and DNMT3L was shown to interact with the unmodified Lys 4 of histone H3 
(H3K4). In gene bodies, H3K36me3 mark recruits DNMT3s via their PWWP domains. (B) DNMTs are 
recruited to DNA through protein–protein interactions with chromatin-modifying enzymes, 
including KMTs and HDACs. Black lollipop: methylated CpG 
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Maintenance DNA methyltransferases 

DNMT1, the maintenance cytosine methyltransferase, is ubiquitously 
expressed. DNMT1 knockout embryos die at late gastrulation stage and show 
extensive demethylation of many genomic sequences, including repetitive 
sequences and imprinted genes (Li et al. 1992). During DNA replication, DNMT1 
is targeted to the replication fork and functions with the help of partner proteins 
including UHRF1 (Ubiquitin-like, containing PHD and RING finger domains, 1) 
and PCNA (Proliferating cell nuclear antigen) (Iida et al. 2002; Bostick et al. 2007). 
DNMT1 shows a preferential affinity for hemi-methylated CpG sites (Hermann et 
al. 2004) resulting from newly synthesized DNA (Figure 12). 

 

Figure 12: Mechanism of DNA methylation maintenance involving DNMT1 
methyltransferase interacting with PCNA and UHRF1 to methylate the newly synthesized hemi-
methylated CpGs. 

Other members of the DNMTs family proteins 

The last members of the DNMTs family, DNMT3L and DNMT2, have no 
DNA methylation activity. However, DNMT3L knockout mice are not able to 
establish maternal methylation imprints in oocytes and show male sterility due 
to spermatogenesis defects (Bourc'his et al. 2001).  This observation is linked to 
the fact that DNMT3L is a co-factor that recruits DNMT3A and DNMT3B on 
specific genomic regions, such as imprinted genes (Hata et al. 2002). The role of 
DNMT2 is not essential for the establishment or maintenance of DNA 
methylation profiles (Okano et al. 1998). It is suggested that DNMT2 has a 
methylation activity on RNA rather than DNA (Goll et al. 2006). 
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5.2 Erasing	
  DNA	
  methylation	
  	
  
Although DNA methylation is a modification that is stably maintained 

through cell divisions, several mechanisms are able to remove this epigenetic 
mark. Loss of DNA methylation can result from a passive mechanism or from a 
TET-dependent reaction.  

The “simplest” way to lose DNA methylation is to inhibit the 
maintenance of DNA methylation. In this case, DNA methylation marks are not 
recopied during cell divisions. Such passive demethylation process occurs for 
example in early embryos. DNMT1o is a DNMT1 isoform that is specifically 
expressed at this stage. This protein is sequestered in the cytoplasm during the 
1-4 cell stage of embryonic development, and does not enter the nucleus until 
the 8-cell stage. This results in a dilution of the DNA methylation marks through 
cell divisions (Monk et al. 1991). 

DNA methylation can also occur in a more active way, involving enzymes 
actively implicated in the process. Such enzymes have only been identified 
recently and have raised a great deal of interest. They belong to the TET 
methylcytosine dioxygenase family, which comprises 3 members TET1, TET2 and 
TET3. These enzymes are Fe2+ and 2-oxoglutarate-dependant dioxygenases that 
catalyze the successive conversion of a 5-methylcytosine (5mC) to a 5-
hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC) and 5-carboxylcytosine 
(5CaC) (Figure 13 & 14)(Tahiliani et al. 2009). These oxidized methylcytosines 
are thought to serve as intermediates in the demethylation process, being 
further replaced by a cytosine. There are at least three mechanisms by which TET 
proteins could mediate DNA demethylation.  
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Figure 13: Proposed DNA demethylation pathways involving TET enzymes. Right: 
Chemical structure of cytosine (C), 5-methylcytosine (5mC), 5hydroxymethylcytosine (5hmC), 5-
formylcytosine (5fC), 5-carboxylcytosine (5caC) and 5-hydroxymethyluracil (5hmU). Left: TET 
proteins catalyze 5mC oxidation to 5hmC, which is further converted to 5fC and 5caC. 5hmC can 
be converted in 5hmU by AID/APOBEC deaminases. 5fC, 5caC and 5hmU can be excised by 
glycosylases (TDG and SMUG) and be replaced by an unmodified cytosine by base excision repair 
(BER) mechanism. 5hmC, 5fC and 5caC can be passively converted in unmodified cytosine through 
DNA replication. caC can also be directly converted in unmodified cytosine through an unknown 
mechanism.  
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Figure 14 Relative level of the different forms of modified cytosines in mammals. The 
percentage is expressed on the total cytosines. 5mC is the major form of all the modified cytosines, 
and 5mC levels are relatively similar in all tissues. 5hmC levels varied significantly between 
different tissues (Kriaucionis and Heintz 2009; Tahiliani et al. 2009; Globisch et al. 2010; 
Szwagierczak et al. 2010). 5fC is nearly undetectable but Ito et al. in 2011 detected 3 to 20 5fC per 
million cytosines (0,0003% to 0,002%) in different mouse tissues with the maximum detected in 
mouse ES cells and brain cortex. 5caC is the rarest form, and was only reliably detected in mouse 
ES cells (Ito et al. 2011; Wu and Zhang 2011a).  

Facilitation of passive DNA demethylation: The conversion of 5mC into 5hmC has 
been shown to reduce the DNA maintenance activity. DNMT1 activity is reduced 
from 12 to 50 folds at sites of hemi-5hmC compared to sites of hemi-5mC 
(Valinluck and Sowers 2007; Hashimoto et al. 2012). Furthermore, UHRF1 hemi-
5hmC binding is tenfold less efficient than UHRF1 hemi-5mC (Hashimoto H 
2012). This implies that TET-mediated oxidation of 5mC can block DNA 
methylation maintenance and hence facilitate a passive loss of 5mC during cell 
divisions. It is hence not properly an “active” demethylation. 
 
Active DNA demethylation through DNA repair: Two replication-independent 
mechanisms have been described, coupling TET activity to DNA repair 
processes. 5hmC can be further converted to 5fC and to 5CaC, which can then 
be excised and replaced by an unmodified cytosine by TDG (Thymine DNA 
glycosylase enzyme) (He et al. 2011; Maiti and Drohat 2011; Zhang et al. 2012).  A 
second mechanism involving AID and APOBEC enzymes has been proposed but 
is still controversial. In this case, the 5hmC would be deaminated in 5hmU, and 
further removed by SMUG1 or TDG glycosylases and ultimately replaced by an 
unmodified cytosine (Guo et al. 2011).  
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Enzymatic decarboxylation of 5caC: 5-carboxylcytosine may also be directly 
decarboxylated by a yet unknown enzyme. In vitro experiments using embryonic 
stem (ES) cells lysates have shown a direct conversion of 5CaC into cytosine 
without BER (Schiesser et al. 2012). 
 

TET enzymes and 5hmC are present at various levels in embryonic 
tissues. TET3, but not TET1 nor TET2, is particularly abundant in the zygote. It is 
responsible for the massive oxidation of the male pronucleus that occurs just 
after fecundation. 5mC and 5hmC are then lost in a replication-dependent 
fashion, resulting in a drop of modified cytosines by the 16-cell (Gu et al. 2011; 
Wossidlo et al. 2011). The second wave of global DNA demethylation occurs in 
PGCs. This time TET1 and TET2, but not TET3, are involved in the massive 
oxidation of 5mC. As in the early embryo, the resulting 5hmC are not excised by 
an active mechanism but are rather diluted out through cell divisions (Hackett et 
al. 2013). 
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Besides their involvement in embryonic demethylation processes, TET 
enzymes are considered to be important regulators of DNA methylation fidelity 
(Williams et al. 2012). Genome wide analyses in ES cells have shown that TET1 
binds to the promoter region of a large number of genes (Wu and Zhang 2011b). 
Most TET1-bound promoters contain a CpG island and are maintained 
unmethylated, suggesting that TET1 is a major player in maintaining CpG islands 
free of methylation (Wu and Zhang 2011b; Xu et al. 2011). Consistently, 5hmC 
also localizes on TSSs (Pastor et al. 2011; Williams et al. 2011) and is enriched in 
region of higher CpG density than 5mC, indicating that 5mC is converted into 
5hmC by TET1 specifically at CpG islands (Ito et al. 2011). This supports the 
notion that TET1 is involved in protecting CpG islands against aberrant 
methylation that might occur sporadically. This function is thought to be 
particularly important in the embryo when de novo methylation takes place.  At 
this stage, TET1 and TET2 become highly expressed (Ito et al. 2010; Koh et al. 
2011) and are believed to be important to maintain specific regions 
unmethylated, protecting them from illegitimate methylation that could result 
from the high activity of the DNMT3A and DNMT3B.  

The mechanisms allowing TET enzymes to target specific DNA 
sequences are not fully understood.  Genes and CpG islands targeted by TET1, 
TET2 and TET3 overlap extensively but not completely. TET1 and TET3 mainly 
associate with promoters of high CpG content (Williams et al. 2011; Wu et al. 
2011; Xu et al. 2011), and this is supported by the fact that both enzymes have a 
CXXC domain, which typically binds CpG dinucleotides (Zhang et al. 2010a; Xu et 
al. 2011). TET2 functions more prominently at low CpG density promoters. 
Furthermore, TET1, TET2 and TET3 are enriched at polycomb-marked H3K27me3 
and H3K4me3-rich promoters (Williams et al. 2011; Wu et al. 2011).   

Compared to the relatively constant levels of 5mC in somatic tissues (3–
4% of total cytosines), 5hmC levels are significantly lower and vary greatly 
depending on the cell type (0.1%–0.7% of total cytosines) with the highest levels 
in brain tissues (Globisch et al. 2010; Szwagierczak et al. 2010; Nestor et al. 2012).  
Interestingly, although 5hmC exists in mouse embryonic stem (ES) cells at high 
levels, it decreases significantly after ES cell differentiation but rises again in 
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terminally differentiated cells, such as Purkinje neurons (Kriaucionis and Heintz 
2009; Tahiliani et al. 2009; Szwagierczak et al. 2010).  

TET1 was found to be activated by neuronal activity, and this leads to 
demethylation of specific promoters. As neuronal cells are quiescent and do not 
divide, the TET1-mediated demethylation is here probably more “active”, 
involving the AID/APOBEC complex (Guo et al. 2011).  
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ROLE OF DNA METHYLATION IN CANCER 

Despite the remarkable stability of DNA methylation profiles, profound 
alterations occur in tumor cells. Both local gains (hypermethylation) and 
genome wide losses (hypomethylation) of DNA methylation are observed. These 
two opposite phenomena co-exist in the same tumor, and are involved in tumor 
progression. The causes and consequences of the mechanisms leading to these 
alterations are however still not well understood. Moreover, despite the fact that 
DNA hypermethylation and hypomethylation co-exist in the same tumors, they 
have been generally described as the consequence of independent mechanisms 
(Ehrlich et al. 2002; Ehrlich 2006; Kushwaha et al. 2016). 

 

Figure 15: Illustration of aberrant DNA methylation profiles in tumor cells. In normal 
cells, the genome is globally methylated. Repeated sequences and tissue-specific genes are 
generally methylated whereas the promoter of ubiquitously expressed genes are unmethylated. In 
tumor cells, a global loss of DNA methylation (hypomethylation) is observed globally including 
repeated sequences and the promoter of genes such as cancer-germline (CG) genes. Gain of DNA 
hypermethylation (hypermethylation) is also observed at specific sites such as tumor suppressor 
genes promoters inducing the silencing of the corresponding gene. White lollipop: non-
methylated CpG, black lollipop: methylated CpG. 
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6 Local DNA hypermethylation 

DNA hypermethylation seems to occur across a large number of 
malignancies (Jones and Baylin 2007). As the majority of the CpGs of the 
genome are initially methylated in normal somatic cells, the unique 
umethylated regions correspond to CGIs. A gain of methylation on these CGIs, 
frequently localized in gene promoters, is associated with the silencing of 
neighboring genes. This phenomenon has been reported for several tumor 
suppressor genes and has been associated with their repression (Baylin 2005; 
Esteller 2005). It appears that DNA hypermethylation serves as general 
mechanism of tumor promotion, since it has been linked with loss of expression 
of a variety of tumor suppressor genes (Jin et al. 2009; Selaru et al. 2009; Baylin 
and Jones 2011; Agarwal et al. 2012), and affects many cellular pathways such as 
DNA repair, cell cycle, apoptosis or cell adherence (Choi and Lee 2013). 

The mechanisms that direct the DNA methylation machinery to tumor 
suppressor genes promoters are still unclear. Emerging data suggest that 
polycomb repressive complex proteins (PRCs) and their associated H3K27me3 
histone mark might attract DNMTs and induce local hypermethylation (Rose and 
Klose 2014). In cancer cell lines there is an extensive overlap between DNA 
methylation and H3K27me3 methylation (Brinkman et al. 2012). Moreover, 
promoters that are marked with H3K27me3 in ES cells are more likely to become 
hypermethylated in cancer, as compared with those lacking H3K27me3 
(Schlesinger et al. 2007). 

Another mechanism proposed to target DNA hypermethylation to 
specific regions in tumors is based on the targeting by certain transcription 
factors. Certain oncogenes have been reported to recruit DNMTs onto the 
promoter region of target genes (Di Croce et al. 2002). For example, it has been 
shown that the Myc oncogene induces the recruitment of DNMT3A on the 
promoter of CDKN1A/p21, leading to its hypermethylation and subsequent 
silencing (Brenner et al. 2005).  
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As already mentioned in the previous chapter, one of the roles of 
demethylation enzymes TET is to maintain unmethylated regions free of DNA 
methylation. In cancer, TET enzymes are frequently mutated or downregulated 
(Delhommeau et al. 2009; Yang et al. 2013). Recent evidence confirmed that loss 
of TET activity is indeed concomitant with aberrant promoter or enhancer 
hypermethylation in cancer (Rasmussen et al. 2015; Thomson et al. 2016; Wiehle 
et al. 2016).  

7 Global DNA hypomethylation 

Tumor progression is also associated with global DNA hypomethylation. 
It has been observed that a number of various tumor types can show a reduction 
of DNA methylation ranging from 10% to 60% relative to the corresponding 
normal tissues (Esteller et al. 2001; Ehrlich et al. 2002). This alteration affects 
virtually all tumors even if some tumor types such as leukemia show only rare 
hypomethylation events (Pfeifer et al. 1988). DNA hypomethylation affects 
numerous genomic regions including satellite and genomic repeated sequences 
but also the different parts of a gene (Kushwaha et al. 2016). This alteration 
seems to be associated with tumoral progression as metastatic tumors show 
more frequent and deep DNA hypomethylation than primary tumors (Gama-
Sosa et al. 1983).  

The effect of DNA hypomethylation on tumor biology is still not clear. It 
was initially proposed that DNA hypomethylation could induce the activation of 
oncogenes. However, even if it has been reported that well-known oncogenes 
such as Ras (Feinberg and Vogelstein 1983) are demethylated in cancer, there is 
no significant correlation with their activation. Conversely, cancer-associated 
hypomethylation correlates with the activation of genes including cancer-
germline (CG) genes, oncogenic role of which has not been clearly 
demonstrated. We will discuss the potential role of these genes in tumor 
progression in the next chapter named “potential role of cancer-associated DNA 
hypomethylation through the activation of cancer-germline genes” (page41). 
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It has also been suggested that DNA hypomethylation could lead to 
tumor progression by activating transposable elements. Indeed, DNA 
hypomethylation is associated with the activation of transposable elements. 
However, the mutation due to the insertion of such elements has only been 
rarely observed (Costello and Plass 2001).  

A correlation between DNA hypomethylation and genomic instability 
has been observed in several tumor types (Schulz et al. 2002; Tsuda et al. 2002).  
This correlation has also been observed in patients with the immunodeficiency 
centromeric region instability-facial anomalies (ICF) syndrome. These patients 
harbor a mutation of DNMT3B associated with the hypomethylation of 
pericentromeric satellite regions and show frequent chromosomal 
rearrangements (Xu et al. 1999). Additional evidence of a functional role of 
hypomethylation in tumor progression was provided by a study on mice 
carrying a hypomorphic DNMT1 allele. These mice developped aggressive 
lymphoma associated with frequent chromosomal aberrations (Gaudet et al. 
2003).  
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Abstract	
  

Global loss of DNA methylation is frequently observed in the genome of 
human tumors. Although this epigenetic alteration is clearly associated with 
cancer progression, the way it exerts its pro-tumoral effect remains incompletely 
understood. A remarkable consequence of DNA hypomethylation in tumors is 
the aberrant activation of “cancer-germline” genes (also known as “cancer-
testis“ genes), which comprise a diverse group of germline-specific genes that 
use DNA methylation as a primary mechanism for repression in normal somatic 
tissues. Here we review the evidence that such cancer-germline genes 
contribute to key processes of tumor development. Notably, several cancer-
germline genes were found to stimulate oncogenic pathways involved in cell 
proliferation (SSX, DDX43, MAEL, PIWIL1), angiogenesis (DDX53), immortality 
(BORIS/CTCFL), and metastasis (CT-GABRA3). Others appear to inhibit tumor 
suppressor pathways, including those controlling growth inhibition signals 
(MAGEA11, MAGEB2), apoptosis (MAGEA2, MAGEC2), and genome integrity 
(HORMAD1, NXF2). Cancer-germline genes were also implicated in the 
regulation of tumor metabolism (MAGEA3/MAGEA6). Together, our survey 
substantiates the concept that DNA hypomethylation promotes tumorigenesis 
via transcriptional activation of oncogenes. Importantly, considering their highly 
restricted pattern of expression, cancer-germline genes may represent valuable 
targets for the development of anti-cancer therapies with limited side effects. 
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8.1 Introduction	
  
DNA methylation corresponds to the covalent addition of a methyl 

group on cytosine to form a 5-methylcytosine (5mC), and represents the 
predominant DNA modification in vertebrate genomes [1]. DNA methylation 
occurs mostly in a cytosine-phosphate-guanine (CpG) dinucleotide context. In 
the human genome, 5mC is present at most CpGs (70-80%), but several regions 
with densely clustered CpGs, termed CpG islands, remain mostly unmethylated 
[2]. About half of all human genes comprise a CpG island overlapping their 
promoter and first exon. DNA methylation profiles are established during 
development, and are thereafter largely maintained during cell divisions in the 
adult by a replication-coupled maintenance process involving the DNMT1 DNA 
methyltransferase [3]. A large number of evidences demonstrated that DNA 
methylation acts to repress transcription, and it is reasonable to propose that 
DNA methylation plays critical roles in the regulation of tissue-specific gene 
expression and human developmental processes [4]. 

Despite the remarkable stability of DNA methylation profiles, profound 
alterations occur in tumor cells with both local gains (hypermethylation) and 
genome-wide losses (hypomethylation) of DNA methylation [5]. Great interest in 
DNA hypermethylation was stimulated by its direct impact on tumor suppressor 
genes [6]. DNA hypermethylation has indeed been identified in the CpG island 
promoter of tumor suppressor genes, and has been linked with irreversible 
silencing of these genes. DNA hypermethylation contributes thereby to tumor 
progression by disrupting several key cellular pathways such as DNA repair, cell 
cycle control, apoptosis or cell adherence [7]. Tumor progression was also 
associated with DNA hypomethylation, which affects numerous genomic 
regions and represents a common feature of many tumors [8]. The effect of DNA 
hypomethylation on tumor biology is however less understood. A first 
possibility is that DNA hypomethylation would have a direct impact on 
chromatin integrity, thereby increasing genome instability. Supporting evidence 
was provided by a study with mice carrying a hypomorphic allele of DNMT1. The 
study showed that DNA hypomethylation was associated with the development 
of tumors displaying a higher frequency of chromosomal rearrangements [9]. 
The association between DNA hypomethylation and genomic rearrangements 
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has also been observed in human cell lines [10, 11], and in cells from patients 
with the immunodeficiency centromeric region instability-facial anomalies (ICF) 
syndrome [12]. In many tumor types, however, the frequency of genomic 
rearrangements does not correlate with the extent of DNA hypomethylation, 
suggesting that this epigenetic alteration contributes in other ways to tumor 
initiation and progression [13, 14]. A prevailing alternative hypothesis to the role 
of DNA hypomethylation in tumor initiation and development is that it leads to 
the transcriptional activation of oncogenes [5, 15]. Evidence for this remains 
however equivocal. On the one hand, well-known oncogenes were shown to be 
hypomethylated in tumors [16, 17], but this has not been convincingly 
associated with their transcriptional activation [18, 19]. On the other hand, 
genes that evidently become activated in tumors through promoter 
hypomethylation have been identified [20], but information about their 
oncogenic function remains scarce. Most of the latter genes belong to the so-
called cancer-germline (CG) group of genes, as their expression in healthy adults 
is normally restricted to testicular germline cells [21]. The aim of the present 
review is to give an overview of the potential pro-tumoral role of such DNA-
hypomethylation-responsive genes, and thereby to substantiate the concept 
that DNA hypomethylation contributes to tumorigenesis through the activation 
of oncogenes. 

8.2 Insight	
  into	
  the	
  definition	
  of	
  cancer-­‐germline	
  genes	
  
Previous work focusing on genes coding for tumor-specific antigens has 

led to the isolation of a group of genes with a unique expression profile, i.e. they 
are normally expressed exclusively in germline cells and show aberrant 
activation in a wide variety of tumors [22]. This particular expression profile 
earned them the name “cancer-germline” (CG) (also termed “cancer-testis” (CT) 
genes). Certain types of tumors display frequent co-activation of CG genes, 
including lung cancer, head and neck cancer, bladder cancer, and melanoma. In 
other types of tumors, like colon cancer, renal cancer, or leukemia, activation of 
CG genes is less frequent [23].  

More than 270 human CG genes have been identified, and were 
registered in the CT database (http://www.cta.lncc.br) [24]. These genes are 
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dispersed on various chromosomes, but with a striking enrichment on the X 
chromosome. While the function of many CG genes remains unclear, it appears 
that these genes exert a variety of cellular functions.  

As Hofmann pointed out, the definition of CG genes differs vastly 
according to the literature source [25]. Whereas some authors restrain the 
definition to genes with an exclusive expression in testis and cancer, others are 
more permissive accepting genes with some level of expression in a few non-
gametogenic tissues [23]. We therefore re-evaluated the tissue-specificity of CG 
genes currently recorded in the CT database, by exploiting the Genotype-Tissue 
Expression (GTEx) database [26], which provides RNA-seq data obtained from a 
wide variety of normal human tissues with, for each of these, a large amount of 
samples. As a result, 77% of the genes recorded in the CT database displayed the 
expected expression pattern, as they were expressed exclusively in testicular 
samples (testis-specific). Another group of genes (12%) had their highest 
expression in testis, but were nevertheless expressed at some level in somatic 
tissues (testis-preferential). Finally, several genes (11%) did not exhibit the 
expected tissue-specificity, as they showed comparable expression levels in 
testis and in one or several other tissues. 

8.3 A	
  significant	
  subset	
  of	
  CG	
  genes	
  are	
  regulated	
  by	
  DNA	
  methylation	
  
It is commonly recognized that many CG genes use DNA methylation as 

a primary mechanism of transcriptional regulation. This has been demonstrated 
extensively for MAGEA1, the archetypal member of CG genes. Initial 
experiments revealed that MAGEA1 can be induced in non-expressing cancer 
cells following exposure to 5-aza-deoxycytidine (5-azadC), an inhibitor of DNA 
methyltransferases [27]. It was subsequently shown that the MAGEA1 promoter 
is methylated in all normal adult tissues, except testicular germline cells, and 
that its activation in cancer cells correlates strictly with promoter demethylation 
[28, 29]. Importantly, activation of MAGEA1 in tumor was found to be associated 
with global genome hypomethylation [29]. Transfection experiments with in 
vitro methylated MAGEA1 constructs further confirmed the dominant role of 
DNA methylation on MAGEA1 promoter repression [30]. More recently, 
experiments using specific antisense oligonucleotides or siRNAs indicated that 
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transient inhibition of DNMT1 suffices to induce long term activation of 
MAGEA1, and that this was associated with local changes of the chromatin, 
which converted from a repressive to a fully active configuration [31, 32]. 
Altogether, these observations indicate that DNA methylation serves as the 
primary layer of repression for the MAGEA1 gene, and that DNA 
hypomethylation is a sufficient trigger to induce activation of this gene in tumor 
cells.  

Besides MAGEA1, other CG genes have been reported to be dependent 
on DNA methylation for transcriptional regulation, on the basis of both 
induction upon treatment with a DNA methylation inhibitor, and strict 
correlation between expression and promoter methylation status. Most of these 
genes map on the X chromosome, and show specific expression during the pre-
meiotic stages of germline development [33]. We have listed all CG genes for 
which evidence was provided indicating that their regulation relies on DNA 
methylation (Table 1). For some of these genes, DNA methylation may not be 
the sole mechanism of transcriptional repression. Some CG genes, indeed, show 
a more restricted pattern of activation in specific tumor types [34, 35], 
suggesting that they require the presence of tissue-specific transcription factors 
in addition to promoter demethylation to permit stable transcriptional 
activation.  

Finally, it appears that a significant proportion of CG genes rely on 
mechanisms other than DNA methylation for transcriptional regulation. 
Activation of these genes in tumors is therefore not related to DNA 
hypomethylation. During both male and female gametogenesis, most CG genes 
in this group are expressed after the onset of meiosis [33]. 
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Table 1. List of validated germline-specific and methylation-sensitive CG genes. Genes 
recorded in the CT database were screened through pubmed search for evidences of DNA 
methylation-dependent transcriptional regulation. The tissue-specificity of selected methylation-
sensitive genes was confirmed through analysis of the GTEx database. Validated CG genes were 
divided into two groups: the “Germline-specific” genes are expressed only in testis or ovary (RPKM 
> 0.5), and in no other normal tissues (RPKM < 0,5); the “Germline-preferential” genes show some 
level expression in somatic tissues, but nevertheless have an expression level in testis or ovary at 
least 5 times higher than in any other tissue. Several CG genes (bold) exhibit an oncogenic 
potential, and are discussed in this review. 

8.4 Methylation-­‐dependent	
   CG	
   genes	
   are	
   involved	
   in	
   multiple	
   cancer	
  
pathways	
  
As we proposed earlier in this review, it is possible that the tumor-

promoting impact of DNA hypomethylation is mediated to some extent by the 
activation of CG genes, which represent prime targets of this epigenetic 
alteration. This implies however that DNA hypomethylation induces activation 
of CG genes with oncogenic potential. The oncogenic function of CG genes has 
been discussed in recent reviews [36], but with no particular focus on CG genes 
that owe their activation in tumors to DNA demethylation. Here, we examined 
the cellular functions that were so far attributed to DNA methylation-sensitive 
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CG genes (Table 1), in order to determine which of these genes might contribute 
to the capabilities that cells must acquire during tumor initiation and 
development. Oncogenic roles ascribed to CG genes were subdivided according 
to the hallmarks of cancer previously identified by Hanahan and Weinberg [37, 
38].  

Self-­‐sufficiency	
  in	
  growth	
  signal	
  

The most evident capability of cancer cells is to sustain chronic 
proliferation. Contrasting with normal cells, which require the presence of 
mitogenic signals to proliferate, cancer cells acquire self-sufficiency in growth 
signal. Central to the acquisition of autonomous stimulation of proliferation in 
cancer cells are alterations that lead to uncontrolled activation of the RAS-
mitogen activated protein kinase (MAPK) signaling pathway [39], or the 
phosphatidylinositol 3-kinase (PI3K)/AKT pathway [40].  

The CG gene Maelstrom (MAEL) has been reported to be upregulated in 
multiple cancer types, including breast cancer, lung cancer, colon cancer, 
hepatocellular carcinoma, bladder cancer and prostate cancer [41-43]. In healthy 
individuals, MAEL mainly contributes with Piwi proteins to the repression of 
transposable elements during spermatogenesis through a process involving 
piRNAs, a class of small non-coding RNAs [44]. Recent evidence suggests that 
MAEL is also involved in activation of the PI3K/AKT pathway [41, 42]. This 
appears to be mediated by the ability of MAEL to repress the expression of miR-
7, a known negative regulator of the AKT pathway [45]. In human hepatocellular 
and urothelial carcinoma cells, knockdown of MAEL by small hairpin RNA 
(shRNA) was sufficient to reduce cell proliferation, whereas overexpression of 
MAEL promoted cell growth in vitro, and increased tumor volume in vivo in 
xenograft mouse models [41, 42].  

Intriguingly, PIWIL1 (Piwi-like RNA-mediated gene silencing 1), which is 
another CG gene associated with the piRNA process, appears to be involved in 
the regulation of the PI3K/AKT pathway as well. PIWIL1 activation was observed 
in a significant proportion of gastric cancer, prostate adenocarcinoma, glioma, 
and non-small-cell lung carcinomas [46-49]. In gastric cancer cells, PIWIL1 was 
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shown to support cell proliferation [47]. This appears to be linked with a positive 
effect of Piwil1 on the PI3K/Akt pathway, which is due to its ability to inhibit 
expression of PTEN (the phosphatase and tensin homolog), a well-known 
negative regulator of AKT. Indeed, PIWIL1 was found to promote DNA 
hypermethylation of the promoter of PTEN, in part by increasing DNMT1 
expression [50]. Recently, a proliferation-inducing role was also attributed to 
PIWIL2, a paralog of PIWIL1 [51]. 

In several uveal melanoma samples, constitutive hyperactivation of RAS 
was found to be dependent on upregulation of DDX43 (DEAD-box helicase 43, 
also termed HAGE), a gene categorized in the “germline-preferential” group of 
CG genes. Experimental depletion of DDX43 in uveal melanoma cells resulted in 
inhibition of both MAPK and PI3K/AKT pathways [52, 53]. Moreover, the 
expression of DDX43 has been associated with poor clinical outcome in breast 
cancer patients [54].  

In cutaneous melanoma cells, members of the SSX family of CG genes 
were shown to contribute to cellular proliferation. Experimental evidence 
suggests that SSX proteins contribute to the MAPK signaling pathway [55]. The 
precise function of SSX proteins is still unclear, but it is proposed that they may 
act as transcriptional regulators. 

Insensitivity	
  to	
  growth	
  inhibition	
  

In normal tissues, cell proliferation is under the control of robust 
negative regulators to ensure tissue homeostasis. Most such anti-proliferative 
signals converge onto the family of retinoblastoma proteins (RB1, RBL1/p107, 
RBL2/p130), which mediate cell cycle arrest. In conditions of growth restriction 
signaling, these proteins are in a hypo-phosphorylated state, which allows them 
to bind and inhibit a class of transcription factors (E2F) that control proliferation-
associated genes. In many tumors, the RB pathway is altered, leading to loss of 
sensitivity to anti-proliferative signals and unleashed proliferation [56]. Recent 
evidence suggests that CG genes may interfere with the RB pathway.  
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MAGEA11 belongs to the large family of MAGE genes, many of which 
were identified as CG genes [57]. Proteins encoded by the MAGE gene family 
members are characterized by the presence of a conserved stretch of about 200 
amino acids, named the MAGE homology domain. It is believed that this domain 
serves for protein-protein interactions. Outside of the MAGE homology domain, 
MAGE proteins display great sequence variation, and the physiological role of 
most of them remains unclear. Activation of MAGEA11 is frequently observed in 
prostate cancer, and has been associated with increased tumor cell growth [58]. 
It was demonstrated that the MAGEA11 protein interacts with RBL1/p107, which 
is then converted into an activator, rather than a repressor, of E2F1 transcription 
activity [59].  

MAGEB2, another member of the MAGE family, is activated in a variety of 
human tumors, including lung carcinoma, and head and neck carcinoma [60]. 
The growth promoting potential of MAGEB2 was initially demonstrated in a 
transformed human keratinocyte cell line [61]. More recently, this observation 
was extended to other cell types, and was found to rely on the ability of the 
MAGEB2 protein to enhance E2F transcriptional activity. This effect probably 
involves binding of MAGEB2 to HDAC1, a histone deacetylase that normally 
contributes to sequester E2F transcription factors together with RBL1/P107 in a 
repression complex [62].  

Resisting	
  cell	
  death	
  

Programmed cell death, or apoptosis, is a natural process that can be 
induced in cells that sense abnormal conditions such as excessive proliferation, 
hypoxia, DNA damage, and loss of normal cell-cell or cell-matrix contact. 
Whether cells live or die is dictated by a delicate balance between pro-apoptotic 
and anti-apoptotic factors. It is well documented that the development of 
aggressive tumors requires abrogation of pro-apoptotic pathways [63].  

Many cell death promoting signals converge on p53, a transcription 
factor that directs upregulation of pro-apoptotic genes. Experimental evidence 
indicates that several members of the MAGE protein family exert a negative 
impact on the p53 pathway in tumors through different mechanisms. Proteins of 
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the MAGEA subfamily, including MAGEA2, interact directly with p53, impeding 
its access onto the promoter of target genes [64]. MAGEA2 was also shown to 
recruit a histone deacetylase (HDAC3), thereby favoring erasure of acetylation 
marks on p53, a modification that is essential for p53 pro-apoptotic activity [65, 
66]. Other MAGE proteins, including MAGEC2, were found to associate with 
TRIM28, an E3 ubiquitin ligase that targets p53 for proteolytic degradation [67]. 
MAGEC2 was shown to increase the ubiquitin ligase activity of TRIM28, thereby 
accelerating destruction of p53.  

The anti-apoptotic role of MAGE proteins was recently supported by 
studies in mice carrying a deletion encompassing six murine members of the 
MAGEA gene subfamily [68]. It was observed that these mice had smaller testes, 
and that this was due to increased apoptosis of germ cells in the first wave of 
spermatogenesis. The authors also observed increased amounts of p53 and 
enhanced induction of downstream target genes in germ cells of genetically 
modified mice.  

Not only MAGE proteins, but also other CG proteins appear to protect 
cancer cells against apoptosis. This was suggested for instance for SPAG6 [69], 
BORIS/CTCFL [70], and GAGE7 [71]. However, the underlying molecular 
mechanisms, which do not appear to involve direct interaction with p53, remain 
less precisely understood.  

Immortality	
  

Most normal cells cannot divide indefinitely. This limit in proliferation 
capacity is largely dictated by the shortening of chromosome ends, called 
telomeres, which lose a portion of DNA sequence at each replication cycle. Upon 
excessive shortening, telomeres trigger a signaling cascade leading to a 
permanent cell cycle arrest, termed senescence [72].  

It is believed that senescence serves as a natural barrier to the 
development of cancer. Progressing tumors, however, avoid this fate by 
activating a mechanism of elongation of telomeres. This is often achieved 
through upregulation of hTERT, the gene that encodes the catalytic subunit of 
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the telomere lengthening complex, termed telomerase [72]. In several tumors, 
induction of telomerase activity is associated with DNA hypermethylation of the 
first exon of hTERT, which encompasses a binding site for the CTCF 
transcriptional repressor. This leads to inhibition of binding of CTCF, and hence 
de-repression of hTERT [73, 74].  

BORIS/CTCFL (brother of regulator of imprinted sites) is a germline-
specific homolog of CTCF, which displays a typical cancer-germline pattern of 
expression, as its activation was detected in various types of cancers [75]. In 
testicular and ovarian tumors, where hypermethylation within the hTERT gene is 
not observed, expression of BORIS/CTCFL was found to be essential for hTERT 
mRNA up-regulation [76]. When present in such tumor cells, BORIS/CTCFL 
competes with CTCF for binding to the hTERT gene. Unlike CTCF, however, 
BORIS/CTCFL exerts a positive effect on hTERT expression. Activation of 
BORIS/CTCFL appears therefore to represent an alternative mechanism of 
induction of hTERT in cancer cells. 

Angiogenesis	
  

Formation of new blood vessels, termed angiogenesis, is a normal 
physiological process that is particularly active during embryonic development, 
wound healing, and periodically in female reproductive organs. Angiogenesis is 
a complex phenomenon resulting from the action of pro- and anti-angiogenic 
factors, which regulate the growth, migration, and tube formation ability of 
vascular endothelial cells. Beyond a critical size, tumors must develop a vascular 
network to provide oxygen and nutrients to the cells located at the center. This 
is rendered possible in tumors by modifications in the balance of pro- and anti-
angiogenic factors [77].  

The CG gene DDX53 (DEAD-box helicase 53, also named CAGE) appears 
to promote angiogenesis. Activation of DDX53 was observed in a variety of 
tumors, including gastric and endometrial cancers, as well as in hematological 
cancers [78]. The gene encodes a protein with a DEAD box domain, suggestive 
of an RNA helicase activity. DDX53 protein is mainly localized in the nucleus, but 
it is believed that it can also be secreted out of the cell. Experiments showed 
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that addition of recombinant DDX53 protein to the culture medium of 
endothelial cells stimulated their tube formation ability, and increased their 
invasion potential [79]. Consistently, endothelial cells exposed to recombinant 
DDX53 showed increased expression of PAI-1 (plasminogen activation inhibitor 
1), a known stimulator of angiogenesis [80]. Similar results were obtained when 
endothelial cells were exposed to the supernatant of DDX53-expressing cancer 
cells. It remains unclear however how DDX53 enters endothelial cells and 
stimulates their angiogenic potential.  

Invasion	
  and	
  metastasis	
  

Metastasis, i.e. the formation of tumor masses in distant tissues, is a 
critical event in cancer progression and one of the most life-threatening events 
for patients with cancer. The development of metastases is a highly complex 
process, as it implies that cancer cells invade the adjacent tissue, enter the 
bloodstream, and establish in a distant new environment. Recent evidence 
revealed that activation of a CG gene (CT-GABRA3) in tumors helps weakening 
the endothelial barrier, an essential step to permit intravasation of cancer cells 
into the blood vessel [81].  

GABRA3 is known as a brain-specific gene that encodes a subunit of a 
receptor for the Gamma-aminobutyric acid (GABA) neurotransmitter. Recently, 
an alternative transcript of the gene was identified, which uses a germline-
specific promoter located about 250kb upstream of the classical brain-specific 
promoter. The new transcript, termed CT-GABRA3, displays typical CG features, 
as it is expressed exclusively in germline cells but shows promoter 
hypomethylation and activation in several tumor types, including melanoma 
and lung cancer. CT-GABRA3 harbors two microRNAs, miR-767 and miR-105, 
which similarly show ectopic expression in tumors [81]. Importantly, in a mouse 
model of xenografted human breast cancer cells, miR-105 was found to 
stimulate metastasis [82]. It was demonstrated that miR-105 is secreted out of 
the tumor cells via exosomes, and reaches nearby endothelial cells. In 
endothelial cells, miR-105 inhibits the expression of the tight junction protein 
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TJP1, thereby disrupting the endothelial barrier and facilitating intravasation of 
cancer cells into the bloodstream [82]. 

Metastatic	
  adaptation	
  

Cells have evolved molecular mechanisms allowing adaptation of 
energy usage according to nutrient availability. A central actor in this process is 
AMPK (AMP activated protein kinase), which serves as a sensor of intracellular 
ATP concentration [83]. Upon decreased ATP levels, AMP takes its place in the 
complex formed with AMPK. This results in the activation of AMPK, which 
inhibits anabolic energy-consuming pathways, and at the same time stimulates 
catabolic processes. AMPK activation can ultimately lead to autophagy, a 
process during which cytoplasmic components are enclosed in vesicles before 
degradation and subsequent recycling of catabolites [84]. One of the targets of 
AMPK is mTOR (mammalian target of rapamycin), a serine/threonine kinase that 
regulates several cellular processes such as protein synthesis and autophagy. 
Upon ATP depletion, activated AMPK inhibits mTOR, thereby inhibiting protein 
synthesis and promoting autophagy.  

In several tumors, the AMPK pathway was found to be suppressed 
through mutations in upstream regulators [85, 86]. This enables high energy-
demanding cancer cells to avoid the growth-restrictive consequences of AMPK 
activation. Recently, two members of the MAGEA subfamily (MAGEA3 and 
MAGEA6) were found to be involved in AMPK suppression [87]. Experimental 
evidence indicates that MAGEA3 and MAGEA6 proteins interact with the TRIM28 
ubiquitin ligase (as other MAGE proteins do), and recruit at the same time AMPK, 
leading to its ubiquitination and degradation. Consistently, MAGEA3/A6-
expressing tumor cells exhibited reduced activation of mTOR, inhibition of 
autophagy, and increased viability.  

Of note, MAGEA3 and MAGEA6 show a high frequency of activation in 
tumors, particularly in melanoma and lung cancer, where their expression is 
observed in more than 60% of the lesions. In lung cancer, expression of both 
genes was found to correlate with poor survival [88]. 
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Genome	
  instability	
  

Cells are normally endowed with a capacity to repair DNA damages, 
which may arise from chemical and physical insults or during replication. This 
genome maintenance system is often altered in cancer cells, leading to 
increased mutation rates, and thereby accelerating acquisition of genomic 
alterations that favor tumor progression [89]. Many breast tumors for instance, 
show loss of function of BRCA1 and BRCA2 genes, which encode proteins 
involved in a process of DNA repair that is based on homologous recombination 
(HR) [90, 91]. HR is an essential component of the genome maintenance 
machinery, as it contributes to a process of high fidelity repair of DNA double 
strand breaks by using the sister chromatid as a template for sequence 
restoration. Impaired BRCA1 function is prevalent in triple negative breast 
cancer (TNBC), a subtype of breast tumors that is characterized by lack of 
overexpression of HER2 and loss of expression of estrogen and progesterone 
receptors [92]. Consistently, TNBC exhibit high levels of genomic instability, 
including copy number alterations and loss of heterozygosity. In several TNBC 
samples, however, genomic instability is observed in the absence of loss of 
BRCA1 function, suggesting that other mechanisms may contribute to HR 
dysfunction. 

Recent evidence indicates that activation of the CG gene HORMAD1 
contributes to HR dysfunction in TNBC [93]. The protein encoded by HORMAD1 
has important roles in meiosis, especially for the establishment of crossing-overs 
between homologous chromosomes during prophase 1 [94]. By inhibiting 
RAD51, a driver of HR-mediated repair between sister chromatids, HORMAD1 
favors inter-homolog rather than inter-sister recombinations. This ensures the 
formation of chiasmata between homologous chromosomes, which are 
essential for normal segregation during the first meiotic division. It was 
demonstrated that aberrant expression of HORMAD1 in mitotic cells, such as 
breast cancer cells, induces HR deficiencies, and thereby increases the rate of 
copy number alterations [93]. It appears therefore that, besides loss of BRCA1 
function, activation of HORMAD1 represents an alternative way to promote 
genomic instability in TNBC. 
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Abnormal spindle formation during mitosis is believed to represent 
another mechanism for the generation of tumor cells with altered genomes, as it 
leads to chromosome missegregation. This mitotic defect, however, is often 
associated with high rates of cellular death, and thereby with restricted 
population growth [95]. Hence, it has been proposed that tumors experiencing 
spindle dysfunctions require activation of mechanisms that restore mitotic 
fidelity to permit further expansion [96]. NXF2 (Nuclear RNA Export Factor 2) 
belongs to the “germline-preferential“ group of CG genes, and is activated in 
several tumor types, including bladder, colorectal and lung carcinomas [35]. 
NXF2 was also identified in a genetic screen for genes that modulate 
responsiveness of lung cancer cells to paclitaxel, an inhibitor of microtubule 
depolymerization that interferes with normal spindle formation during mitosis 
[97]. Further experimental evidence was provided indicating that NXF2 
minimizes spindle dysfunctions in tumor cells. It is therefore proposed that 
activation of this CG gene in cancer cells contributes to avoid excessive mitotic 
errors, which would otherwise impair tumor outgrowth [97]. The mechanism by 
which NXF2 regulates spindle formation is however unknown. 

8.5 CONCLUSION	
  	
  
It is commonly asserted that DNA hypomethylation promotes cancer 

development in part through the activation of genes with oncogenic potential 
[5, 98]. However, examples of oncogenes that truly rely on DNA 
hypomethylation for activation in tumors remain scarce. CG genes represent 
ideal candidates, since they belong to a unique group of genes that primarily 
use DNA methylation for repression in somatic tissues, and are therefore a prime 
target of transcriptional activation in tumors with a hypomethylated genome. As 
reported in this review, a growing body of evidence indicates that CG genes can 
contribute to several key processes of tumor development, including 
uncontrolled proliferation, resistance to apoptosis, metastasis, adaptation to 
cellular energetics constraints, and genome instability (Fig. 1). These 
observations bring strong support to the notion that DNA hypomethylation 
induces activation of oncogenes in tumors cells, and it appears that germline-
specific genes represent a major component of this process. 
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The observation that CG genes exert oncogenic functions may provide 
an explanation to the immunological paradox underlying their activation in 
tumors. Thus, many CG genes encode potent tumor-specific antigens, and there 
is strong evidence that their expression in cancer cells triggers attacks by 
immune cells [99]. This implies that DNA hypomethylation and the consequent 
activation of CG genes would have a negative impact on tumor development, at 
least at some stage of tumorigenesis. It is reasonable to propose that the 
oncogenic potential of CG genes compensates for their negative immunogenic 
effect. 

Importantly, CG genes often show co-activation in tumors, and are thus 
expected to act concertedly in many cases. It is therefore possible that even if 
CG genes display only poor oncogenic potential on their own, they may act 
more potently when jointly expressed in the tumor cell. Interestingly, several CG 
proteins were reported to interact with other CG proteins [100], or to act as 
transcriptional regulators for other CG genes [101], thereby suggesting 
functional cooperativity. Cooperation between CG proteins may also be 
mediated through their combined effects on common pathways. For instance, 
multiple members of the MAGE family of CG proteins appear to converge onto 
the p53 regulator of apoptosis [67], while other CG proteins seem to inhibit 
apoptosis by targeting other regulators in the apoptotic pathway [70, 71]. 

There is currently growing interest in determining if CG genes exert 
crucial oncogenic roles [102]. It is expected indeed that oncogenes with such a 
restricted pattern of expression will represent ideal targets for the development 
of anti-cancer therapies with limited side effects. Our analysis revealed, however, 
that several of the genes that were reported to display a CG pattern of 
expression, showed in fact some level of expression in somatic tissues. 
Nevertheless, we identified CG genes with a highly testis-specific expression, 
and several among these appear to encode oncogenic functions. Further studies 
on these genes may therefore open the way to the development of highly 
selective anti-cancer therapies. 
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Figure 1. CG proteins and microRNAs contribute to various pro-tumoral processes, either 

by stimulating oncogenic functions or by inhibiting tumor suppressor pathways. The figure 
depicts CG proteins and miRNA for which strong evidence was provided that: (i) their expression in 
tumors is linked to DNA hypomethylation, and (ii) their function favors tumor development. See 
text for details. 
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My thesis work is part of the overall objective to better understand the 
role of DNA hypomethylation in tumor development, in particular via the 
transcripitonal activation of genes with oncogenic potential. Up to now, only the 
transcription of genes coding for proteins, and more particularly the Cancer-
Germline (CG) genes, have been described as a consequence of DNA 
hypomethylation in tumors. The aim of my thesis was to investigate whether 
DNA hypomethylation drives the aberrant activation of oncogenic non-coding 
transcripts such as CG miRNAs. There is indeed mounting evidence that miRNAs, 
which exert important regulatory functions through their ability to induce post-
transcriptional inhibition of target miRNAs play important roles in cancer 
development.  

1. Do CG-type transcripts produce miRNAs? 

As first part of my thesis, the objectives were to identify new CG-type 
transcripts carrying miRNAs. In order to do so, we have chosen to base our 
analysis on two known characteristics of the CG genes: testis-specific expression, 
and preferential location on the X chromosome. By this way we identified the 
transcript CT-GABRA3 as a novel CG transcript which produces the microRNAs 
miR-105 and miR-767. 

2. Do CG miRNAs exert oncogenic functions? 

Following identification of two CG-type microRNAs, our second goal was 
to identify their oncogenic potential. miR-105 has been described by Zhou et al. 
(Zhou, 2014) as a miRNA with metastatic potential. In our lab, we investigated 
the role of miR-767 and more specifically its role on its predicted targets: TET1 
and TET3 genes, two members of the ten-eleven-translocation family of tumor 
suppressor genes.  

3. What epigenetic mechanisms are involved in the regulation of the 
transcripts comprised within GABRA3 locus? 

Our experiments revealed a striking inverse correlation between the 
methylation status of the promoter of the two transcripts, CT-GABRA3 and BT-
GABRA3, located in the GABRA3 locus. Our third objective was to investigate the 
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mechanisms underlying this process of interdependent epigenetic 
modifications  in cancer cells.  
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Abstract 

Genome hypomethylation is a common epigenetic alteration in human 
tumors, where it often leads to aberrant activation of a group of germline-
specific genes, commonly referred to as “cancer-germline” genes. The cellular 
functions and tumor promoting potential of these genes remain, however, 
largely uncertain. Here, we report identification of a novel cancer-germline 
transcript (CT-GABRA3) displaying DNA hypomethylation-dependent activation 
in various tumors, including melanoma and lung carcinoma. Importantly, CT-
GABRA3 harbors a microRNA (miR-105), which has recently been identified as a 
promoter of cancer metastasis by its ability to weaken vascular endothelial 
barriers following exosomal secretion. CT-GABRA3 also carries a microRNA (miR-
767) with predicted target sites in TET1 and TET3, two members of the ten-
eleven-translocation family of tumor suppressor genes, which are involved in 
the conversion of 5-methylcytosines to 5-hydroxymethylcytosines (5hmC) in 
DNA. Decreased TET activity is a hallmark of cancer; here, we provide evidence 
that aberrant activation of miR-767 contributes to this phenomenon. We 
demonstrate that miR-767 represses TET1/3 mRNA and protein expression and 
regulates genomic 5hmC levels. Additionally, we show that high CT-GABRA3 
transcription correlates with reduced TET1 mRNA levels in vivo in lung tumors. 
Together, our study identified a cancer-germline gene that produces microRNAs 
with oncogenic potential. Moreover, our data indicate that DNA 
hypomethylation in tumors can contribute to reduced 5hmC levels via activation 
of a TET-targeting microRNA. 
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1 Introduction 

DNA methylation in mammalian genomes, which occurs mostly at 
cytosines within CpG dinucleotides, is a potent mechanism of gene repression, 
and contributes thereby to the establishment and maintenance of cell-type 
specific gene expression programs.1 Genome methylation patterns often 
undergo profound alterations in human tumors.2 Both gains (hypermethylation) 
and losses (hypomethylation) of CpG methylation are observed. DNA 
hypermethylation often affects CpG-rich promoters of tumor suppressor genes, 
leading to their irreversible silencing. DNA hypomethylation, on the other hand, 
has been associated with aberrant activation of a limited group of protein-
coding genes, most of which have their transcription normally restricted to the 
germ line.3,4 Genes in this group, commonly referred to as ‘cancer-germline’ (CG) 
genes, are indeed characterized by their strict reliance on DNA methylation for 
repression in normal somatic tissues.5,6 Intriguingly, most CG genes map on the 
X chromosome.4 It is still unclear, however, if activation of CG genes, which 
appear to exert a variety of cellular functions, plays a major oncogenic role in 
hypomethylated tumor cells.3 

In the present study, we searched to determine if DNA hypomethylation 
in tumors also induces aberrant expression of miRNA-producing cancer-
germline transcripts. There is indeed mounting evidence that dysregulated 
expression of miRNAs, which exert important regulatory functions through their 
ability to induce post-transcriptional inhibition of target mRNAs, contributes to 
cancer development.7,8 
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2 Results 

2.1 Aberrant	
  activation	
  of	
  GABRA3	
  and	
  hosted	
  miR-­‐105	
  and	
  miR-­‐767	
  in	
  
tumors	
  
As an initial step in our search for CG-type miRNAs, we performed an in 

silico screening in miRNA databases (microRNA.org and miRBase.org), using as 
filtering criteria two characteristics of CG genes: predominant expression in 
testis and localization on the X chromosome. This led to the selection of 21 X-
linked miRNAs with predicted expression in testis and in no more than one 
normal somatic tissue. Among these, we noticed a pair of miRNAs (miR-105 and 
miR-767), deriving from the first intron of GABRA3, a gene encoding a receptor 
subunit for the γ-aminobutyric-acid neurotransmitter. Our interest for these 
miRNAs was prompted by the fact that, although GABRA3 expression is normally 
restricted to brain and testis, aberrant transcription of the gene was reported in 
several tumor types, and was identified as a significant predictor of poor survival 
in lung cancer patients.9-12 Moreover, GABRA3 is located within a region of the X 
chromosome (Xq28) that harbors many known CG genes. RT-qPCR experiments 
with primers located in exons 5 and 6 of GABRA3 confirmed specific expression 
of this gene in brain and testis, and revealed its activation in melanoma cell lines 
and tissues (Fig. 1A,B). In parallel, RT-qPCR directed toward miR-105 and miR-767 
indicated that expression of these miRNAs strictly mirrors that of their host gene 
(Fig. 1B). Additional analyses in larger sets of tumor samples detected GABRA3 
transcripts in 65% of melanoma tissues and in 40% of lung tumors (Fig. 1C). 
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Figure 1. Tumors show aberrant expression of a testis-specific transcript variant of GABRA3, and of 
the miRNAs it harbors. (A) Schematic representation of the human GABRA3 locus, with broken 
arrows indicating transcription start sites. The exon/intron structure of the referenced GABRA3 
transcript (re-named BT-GABRA3) and of the newly characterized transcript variant (CT-GABRA3) is 
shown below, with arrowheads indicating the orientation and location of PCR primers used in 
subsequent expression analyses. (B) Expression analysis of GABRA3, miR-105 and miR-767 in 
normal human tissues and melanocytes, as well as in melanoma cell lines (1, MI13443-MEL; 2, SK-
MEL-23; 3, BB74-MEL; 4, MZ2-MEL; 5, LB2667-MEL; 6, Mi665/2-MEL) and tissue samples (Table S1). 
Primers a and b amplify both BT-GABRA3 and CT-GABRA3 transcripts. Normalized mRNA (ratio to 
ACTB) and miRNA (ratio to SNORD44) levels are expressed relative to the brain sample taken as 
100% reference. (C) RT-qPCR analysis of GABRA3 with primers a and b, in a larger series of 
melanoma samples (n = 25), and in non-small-cell lung carcinoma (NSCLC) tissue samples (n = 27). 
See table S1 for sample descriptions. GABRA3 mRNA levels are expressed relative to the MZ2-MEL 
melanoma cell line taken as 100% reference. (D) Gel analysis of RT-PCR experiments with primers 
recognizing either both GABRA3 transcript variants (primers a and b), only BT-GABRA3 transcripts 
(primers c and d), or only CT-GABRA3 transcripts (primers e and d). 

2.2 Tumors	
  express	
  a	
  cancer-­‐testis	
  variant	
  of	
  GABRA3:	
  CT-­‐GABRA3 
To further characterize the composition of GABRA3 transcripts in tumor 

cells, RT-PCR experiments with primers located in different exons were 
performed. Surprisingly, RT-PCR with primers located in exon 1 and 2 of GABRA3 
amplified the transcript in brain and testis, but failed to detect it in most tumor 
cells (Fig. 1A,D). This suggested the existence of an alternative form of GABRA3 
transcript in tumors. In order to identify this transcript variant, we performed 5′ 
RACE experiments in GABRA3-expressing melanoma cell lines. This led to the 
identification of an alternative transcription start site located 247-kb upstream of 
the reference GABRA3 start site. We isolated several novel transcript variants 
originating from this start site, which contained alternatively spliced exons in 
the 5′ part followed by all exons but exon 1 of GABRA3 (Fig. 1A, and Fig. S1). 
GABRA3 transcripts originating from this alternative start site were named CT-
GABRA3 (Cancer-Testis), as opposed to the reference GABRA3 transcript, which, 
for sake of clarity, we re-named BT-GABRA3 (Brain-Testis). Unlike BT-GABRA3, CT-
GABRA3 displayed a typical cancer-germline pattern of expression, as it was 
expressed in testis but not in brain, and was commonly activated in tumor cells 
(Fig. 1D). CT-GABRA3 transcripts comprise several short upstream open reading 
frames, which were found to inhibit translation of the GABRA3 protein (Fig. S2). 
Interestingly, the transcription start site of CT-GABRA3 is located nearby that of a 
known CG gene, MAGEA3, oriented in the opposite direction (Fig. 1A). Both 
genes appear therefore to share a bidirectional promoter, as supported by their 
frequent co-activation in melanoma and lung tumor samples (Fig. S3). 
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2.3 CT-­‐GABRA3	
   activation	
   in	
   tumors	
   is	
   dependent	
   on	
   DNA	
  
demethylation	
  
We next investigated whether activation of CT-GABRA3 and its hosted 

miRNAs in tumors is linked to DNA hypomethylation. Sensitivity of CT-GABRA3 
expression to DNA demethylation-dependent activation was demonstrated in 
an experiment showing induction of this transcript, but not of BT-GABRA3, 
following treatment of non-expressing cells with the DNA methylation inhibitor, 
5-aza-2’-deoxycytidine (5-azadC; Figure 2A). Not surprisingly, the DNA 
methylation inhibitor also induced expression of miR-105 and miR-767 (Fig. 2B). 
Moreover, sodium bisulfite sequencing revealed that CT-GABRA3 expression in 
testis and tumor cells is associated with extensive promoter demethylation 
(Fig. 2C). Consistent with a primary role of genome demethylation in the 
activation of CT-GABRA3 in tumor cells, we observed a significant trend of co-
activation of this gene with other DNA methylation-sensitive CG genes in 
melanoma cell cultures (Fig. S4). Together, our results indicate that miR-105 and 
miR-767 are carried by two transcript variants of GABRA3: BT-GABRA3, which is 
transcribed in brain and testis; and CT-GABRA3, which normally displays specific 
transcription in testis, but also becomes activated as a result of DNA 
demethylation in tumor cells. We conclude that DNA hypomethylation in 
tumors is associated with aberrant activation of miR-105 and miR-767 
expression. 
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Figure 2. Expression of CT-GABRA3, miR-105 and miR-767 is induced by DNA demethylation. (A) 
Three GABRA3-negative melanoma cell lines (-MEL), and an immortalized fibroblast cell line 
(BJhTERT) were cultured in the presence (+) or in the absence (-) of 5-azadC. Expression of CT-
GABRA3, BT-GABRA3 and ACTB (control) was analyzed by RT-PCR. (B) Expression of miR-105 and 
miR-767 was analyzed by RT-qPCR in similarly treated cell lines, including the TERA-1 embryonal 
carcinoma cell line. Relative miRNA levels are expressed as ratio to SNORD44 (x 104). (C) Bisulfite 
sequencing of the MAGEA3/CT-GABRA3 promoter region. Sequences could not be distinguished 
from those deriving from the MAGEA6 promoter region, as both loci show 100% sequence identity. 
Vertical bars indicate location of CpG sites with positions relative to the CT-GABRA3 start site. Open 
and filled squares represent unmethylated and methylated CpG sites, respectively, and each row 
represents a single clone. CT-GABRA3 expression status (+) or (-) in samples is indicated (positive 
samples also express MAGEA3 and MAGEA6). Highly methylated sequences in testis likely derive 
from somatic cells in the tissue sample. 

 

2.4 TET1	
  and	
  TET3	
  are	
  targets	
  of	
  miR-­‐767 
During the course of our research project, a study was published 

showing that miR-105 is expressed in metastatic breast cancer cells, and acts as 
a crucial promoter of cancer metastasis.13 The study revealed indeed that miR-
105 undergoes exosome-mediated secretion, and destroys vascular barriers by 
inhibiting expression of the tight junction protein ZO-1 in endothelial cells. Our 
data indicate that miR-105 is expressed in other tumor types as well, and reveal 
that DNA hypomethylation accounts for its tumor-specific activation. In order to 
get more insight into the function of miR-767 and its potential contribution to 
tumor development, we decided to search relevant mRNA targets of this miRNA 

a

b

c

Mi665/2-M
EL

LB2667-M
EL

Mi1811-M
EL

BJhTER
T

w
at

er
te

st
is

M
Z2

-M
EL

br
ai

n

5-azadC

CT-GABRA3

BT-GABRA3

ACTB

testis
(+)

melanocyte
(–)

LB
(–)

MZ2-MEL
(+)

Mi13443
(+)

MAGEA3

Mi665/2-MEL TERA-1 BJhTERT

miR-105
miR-767

3.0

2.0

1.0

0.0
+– +– +– +– +– +–5-azadC:

re
la

tiv
e

m
iR

N
A 

le
ve

l

CT-GABRA3

MAGEA6

or

-118 +75



CHAPTER I 

80 

with the help of prediction algorithms. We focused our attention on two 
potential targets of miR-767, TET1 and TET3, because TET genes were recently 
shown to exert tumor-suppressive functions.14 The TET family of genes (TET1, 
TET2, and TET3) encode dioxygenases that are recruited to specific regions of the 
genome, where they contribute to processes of localized DNA demethylation by 
converting 5-methylcytosines (5mC) to 5-hydroxymethylcytosines (5hmC).15,16 
TET activities are often downregulated in a wide variety of cancers, leading to 
marked reduction in genomic 5hmC levels.17-19 In a significant proportion of 
hematopoietic malignancies, this has been associated with mutations in TET2.17 
In most solid tumors, however, the origin of reduced TET activities has remained 
unclear. 

Effective targeting of TET1 and TET3 genes by miR-767 was confirmed by 
transfection experiments showing that synthetic miR-767 molecules, but not 
control miRNA molecules, induce downregulation of luciferase reporter genes 
linked to the 3′-UTR of either TET1 or TET3 (Fig. 3A,B). Importantly, we also 
demonstrated that expressing tumor cells contain sufficient amounts of 
endogenous miR-767 to inhibit expression of the TET1 3′-UTR luciferase reporter 
gene, and we confirmed that this inhibition involves a direct interaction, by 
showing impaired inhibition of a reporter that carries a mutant version of the 
TET1 3′-UTR lacking miR-767 target sequences (Fig. 3C, and Fig. S5). We then 
assessed whether miR-767 can regulate endogenous TET1 and TET3 mRNA 
levels. In HEK293T human embryonic kidney cells and in TERA-1 human 
embryonal carcinoma cells, which both lack constitutive expression of miR-767, 
transfection of synthetic miR-767 molecules resulted in reduced TET1 and TET3 
mRNA levels, although this reduction was not significant for TET3 in TERA-1 cells 
(Fig. 3D). Conversely, inhibition of miR-767 by antisense oligonucleotides in 
expressing tumor cell lines resulted in a significant elevation in TET1 mRNA 
levels (Fig. 3E). For TET3, we observed a less constant effect of the inhibitor, as 
only one out of the four treated cell lines showed an increased level of TET3 
mRNA (Fig. 3E). We also confirmed the ability of miR-767 to inhibit TET1 and 
TET3 expression at the protein level, by showing decreased amounts of these 
proteins in HEK293T cells upon transfection with synthetic miR-767 molecules 
(Fig. 3F). Finally, we assessed whether miR-767 can regulate 5hmC levels. Slot 
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blot assays with anti-5hmC antibodies showed that the transfection of synthetic 
miR-767 molecules in both TERA-1 and HEK293T cells indeed resulted in a 
significant reduction of global 5hmC levels (Fig. 3G). Taken together, these data 
indicate that miR-767 can function as a regulator of cellular 5hmC levels via 
targeting of TET genes. In our experiments, miR-767 exhibited a preferential 
effect on TET1. 
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Figure 3. miR-767 controls TET1 and TET3 expression levels and regulates cellular 5hmC levels. (A) 
Red triangles indicate the location of miR-767 seed sequences (7-mer and 8-mer) in TET1 and TET3 
3′-UTRs. (B) HEK293T cells were co-transfected with a luciferase reporter linked to the 3′-UTR of 
either TET1 or TET3, and with the indicated miRNAs (miR-Ctrl and miR-137 served as a negative 
control). Normalized luciferase activities, which were measured 24h after transfection, are 
expressed relative to mock cells (no miRNA transfected), and represent means ± SEM (n = 3). *** P 
< 0.001 for comparison to mock cells (Bonferroni's multiple comparison test). (C) HEK293 cells 
(miR-767 negative) and Mi13443-MEL cells (miR-767 positive) were stably transfected with a 
luciferase reporter vector carrying either the wild-type (wt) 3′-UTR of TET1 or a mutant version of 
the 3′-UTR (mut4), lacking the four miR-767 target sequences. Relative luciferase units represent 
mean ± SEM (n = 3). *** P < 0.001. (D)TET1 and TET3 mRNA levels were evaluated by RT-qPCR three 
days after transfection of miR-105 (serving as negative control) or miR-767. Normalized mRNA 
levels (ratio to ACTB) are expressed relative to mock cells (no miRNA transfected). Values represent 
mean ± SEM (n ≥ 3). * P < 0.05, for comparison to mock cells (Friedman test with Dunn’s multiple 
comparison test). (E) miR-767-expressing melanoma cell lines (-MEL) and non-small cell lung 
carcinoma cell line (GLCP1) were transfected with a LNA inhibitor of miR-767 (miR767-inh) or an 
irrelevant control LNA inhibitor (Ctrl-inh). TET1 and TET3 mRNA expression levels were assessed by 
RT-qPCR. Values represent mean ± SEM (n = 3). * P < 0.05 (Wilcoxon signed rank tests). (F) HEK293T 
cells transfected with the indicated miRNA or siRNA were subjected to western blot analysis for 
TET1 and TET3 proteins (p80-Ku was assessed to verify equal loading). (G) Genomic 5hmC levels 
were evaluated by slot blot analysis at day 3 after transfection with the indicated miRNA. Blots 
were stained with methylene blue to control for loading. Representative blots are shown out of 
three to five repeats. Quantification of slot blot data was performed. Normalized 5hmC levels are 
expressed relative to mock-transfected cells, and represent mean ± SEM * P < 0.05 (Friedman test 
with Dunn’s multiple comparison test). (H) Analysis of microarray data derived from the TCGA 
collection of lung squamous cell carcinomas (n = 120) revealed significant downregulation of TET1 
(but not TET3) in tumor cells that show upregulation of miR-767-harboring GABRA3 transcripts. 
Positive correlation between GABRA3 and MAGEA3 activation confirmed the validity of the test. 
Red bars indicate mean mRNA levels. P values were determined by unpaired t tests. 

 

We next searched to determine if miR-767 expression is indeed 
correlated with reduced expression of TET genes in vivo in tumor tissues. To this 
end, we analyzed publicly available microarray data, and searched if we could 
find a negative correlation between the expression of TET1/3 genes and the 
presence of miR-767-harboring GABRA3 transcripts (probes on microarrays 
detect both CT- and BT-GABRA3 transcripts). miRNAs usually induce only limited 
decrease in the level of their target mRNAs. We nevertheless observed a 
significant correlation between increased GABRA3 expression and reduced TET1 
mRNA levels in lung carcinoma tissues (Fig. 3H), a tumor type where GABRA3 
upregulation was identified as a predictor of poor survival. TET3 did not seem to 
be affected, suggesting that TET1 is a preferred target of miR-767 in lung 
carcinoma. 
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3 Discussion 

One common target of DNA hypomethylation in tumors is the group of 
CG genes, which normally displays specific expression in germline cells. As a 
consequence, aberrant transcription of these genes is observed in a large variety 
of tumor types. Evidence that CG genes exert tumor-promoting roles has 
however remained scarce. Our identification of CT-GABRA3 provides the first 
example, to the best of our knowledge, of a CG gene that harbors miRNAs with 
oncogenic potential. One of these miRNAs, miR-105, was shown very recently to 
be expressed in breast cancer cells, and to be released in the extracellular 
environment via exosome secretion.13 Secreted miR-105 targets tight junction 
protein ZO-1 in endothelial cells, thereby facilitating cancer cell migration to 
distant locations. Our study establishes therefore a connection between DNA 
hypomethylation, CG gene activation, and cancer metastasis. 

CT-GABRA3 also produces miR-767, and we demonstrate that this miRNA 
targets genes of the TET family. TET genes encode epigenetic regulators, which 
were found to exert tumor suppressive functions, notably through their impact 
on cell differentiation and invasion.18,20,21 A recent study revealed the existence 
of an extensive network of TET-targeting miRNAs.22 Among these, several 
miRNAs, including miR-29b and miR-22, were shown to contribute to the 
development of hematopoietic and breast cancers, in a manner that depended 
on their effect on TET gene expression.22,23 This demonstrates that TET-targeting 
miRNAs can have a critical impact on tumor cell functions, even though their 
effects on TET expression levels are generally very subtle.22,24 In this regard, it is 
worth noting that monoallelic mutation of Tet2 was sufficient to promote 
myeloproliferative disorders in mice models, suggesting physiologically relevant 
gene dosage effects.25,26 The specific contribution of miR-767 to the regulation of 
TET activities in tumor cells will likely vary according to the level of expression of 
other TET-targeting miRNAs. Compared with these miRNAs, miR-767 displays a 
much more contrasted pattern of expression, as it is completely silenced in all 
tissues, except brain and testis, and becomes activated in a wide variety of 
tumors. We anticipate therefore that miR-767 can exert a critical tumor-
promoting function in several tumor types. Interestingly, a recent study, which 
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conducted a systematic screening for miRNAs involved in cell migration, 
identified miR-767 as a potential candidate.27 This finding supports a possible 
pro-metastatic role of miR-767, when expressed in tumor cells. 

Intriguingly, our results concerning miR-767 reveal the existence of an 
unexpected link between DNA methylation and TET genes, whereby genome 
demethylation can lead to inhibition of TET activities via activation of a TET-
targeting miRNA. DNA-hypomethylation-mediated activation of miR-767 in 
tumors is therefore expected to cause subsequent epigenetic remodeling 
events. For instance, because TET proteins are required to maintain select 
genomic sequences in a DNA methylation-free status,28 their downregulation by 
miR-767 may facilitate DNA hypermethylation at specific gene promoters. This 
raises the interesting possibility of a link between DNA hypomethylation and 
DNA hypermethylation in tumor cells. 

In a more physiological context, we hypothesize that miR-767 may 
contribute to an epigenetic regulatory circuit in developing germ line cells, 
where transient processes of DNA demethylation involving TET enzymes are 
taking place.29,30 One possibility is that miR-767 becomes activated upon 
completion of these DNA demethylation processes, and then inhibits TET 
activities in order to allow subsequent re-methylation of specific DNA sites (Fig. 
4). The timeframe of activation of CG genes in developing germline cells is 
compatible with this proposed role of miR-767.31-33 Experimental validation of 
this hypothesis can be envisaged in the mouse, where miR-767 location in the X-
linked Gabra3 gene, and target sites in the 3′-UTR of Tet genes, are conserved. 
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Figure 4. Illustration of a possible physiological mechanism where miR-767 becomes activated 
upon completion of DNA demethylation processes, and then inhibits TET activities in order to 
allow subsequent re-methylation of specific DNA sites. 

 

The other site of constitutive miR-767 expression is brain, where 5hmC 
levels are generally high.34 Interestingly, TET1 was found to be significantly 
downregulated by neuronal activity,35 suggesting the existence of intricate 
regulatory mechanisms, in which miR-767 might be implicated. This may have 
important implications in memory formation and extinction.35,36 
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4 Material and methods 

Cell lines and tumor tissue samples 

All human melanoma cell lines, which derive from cutaneous melanoma 
metastases, and the GLCP1 cell line, which derives from a human NSCLC, were 
obtained from the Brussels Branch of the Ludwig Institute for Cancer Research, 
and were cultured as previously described.5 TERA-1 human embryonal 
carcinoma cells were kindly provided by W. Schultz (Heinrich Heine University, 
Germany), and their culture conditions are described elsewhere.37 HEK293T cells, 
which were purchased from Thermo Fisher, HEK293 cells, which were kindly 
provided by B. Lauwerys (Université catholique de Louvain, Belgium), and 
BJhTERT cells, which were a gift from F. d’Adda di Fagagna (IFOM foundation, 
Italy), were maintained in high glucose DMEM (Life Technologies), 
supplemented with GlutaMAX™ (Life Technologies), 1 x non-essential amino 
acids (Life Technologies), 1 x Penicillin/Streptavidin (Life Technologies), and 10% 
fetal bovine serum (Hyclone). Early passage human normal epidermal 
melanocytes (HNEM) were received from E. De Plaen (Ludwig Institute for 
Cancer Research, Belgium), and were cultured in Ham’s F10 medium (Life 
Sciences) supplemented with 6 mM Hepes, 1 x MelanoMax supplement 
(Gentaur), and 10% fetal bovine serum. A description of human melanoma and 
NSCLC tissue samples is provided in the table S1. They were obtained from the 
Brussels Branch of the Ludwig Institute for Cancer Research 

RT-PCR and RT-qPCR analyses 

Total RNA samples were purchased from Ambion Life Technologies, or prepared 
from cell lines and surgical specimens (obtained from the Ludwig Institute for 
Cancer Research, Belgium) using either TriPure Isolation Reagent (Roche 
Diagnostics GmbH) or the guanidinium-isothiocyanate/cesium chloride 
procedure.38 Reverse transcription was performed on 2 μg of total RNA using 
either PrimeScript Reverse transcriptase (Takara) and random hexamers primers, 
or M-MLV Reverse transcriptase (Invitrogen) and dT18 primers. The transcripts 
were amplified from 1/40 of the reverse transcription reaction. Conventional 
PCRs were performed using the DreamTaq polymerase (Thermo Fisher 
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Scientific), in a final reaction volume of 25 μl. Quantitative RT-PCR amplifications 
were performed using the qPCR Core kit (Eurogentec). All qPCRs where 
SybrGreen assays, except for the GABRA3 qPCR, which was a Taqman assay. 
Primers and probe sequences are listed in the table S2. 

For miRNA RT-qPCR analyses, 20ng of total RNA was used for the RT with the 
Universal cDNA Synthesis Kit II (Exiqon). miRNAs were amplified from 1/320 of 
the reverse transcription reaction, using LNA primers specific for hsa-mir-767–5p 
(#204238, Exiqon) and hsa-mir-105–5p (#204389, Exiqon). LNA primers specific 
for SNORD44 (#203902, Exiqon) were used for normalization. qPCR was 
performed using the qPCR Core Kit (Eurogentec). 

Rapid amplification of 5′ cDNA ends (5′-RACE) 

Two protocols of 5′-RACE were applied, which were based on the use of either 
ThermoScript Reverse Transcriptase (Fig. S1B) or PrimeScript Reverse 
Transcriptase (Fig. S1C). 

For Thermoscript 5′-RACE: reverse transcription was performed on 3 μg of total 
RNA using ThermoScript Reverse Transcriptase (Invitrogen), according to 
manufacturer’s instructions. Ten pmoles of GABRA3-specific primer (GABRA3b) 
and 10 pmoles of SMART IV oligo from the SMART™ cDNA Library Construction 
Kit (Clontech) were used for the reaction. The reaction was incubated during 1 h 
at 58 °C, and stopped by heating 5 min at 80 °C. The reaction was subsequently 
incubated for 20 min at 37 °C in the presence of 1 unit of RNaseH (Invitrogen). 
The 5′-RACE products were amplified from 1/20 of the reverse transcription 
reaction, with 0.625 units of TaKaRa Taq DNA polymerase (Takara). Three rounds 
of nested PCR, with primers indicated in Figure S1 (see sequence in 
accompanying table), were applied. PCR products were run on an agarose gel, 
and purified with the QIAquick Gel Extraction Kit (Qiagen) before sequencing. 

For PrimeScript 5′-RACE: Reverse transcription was performed on 1 μg of total 
RNA using PrimeScript Reverse Transcriptase (Takara), according to 
manufacturer’s instructions. Ten pmoles of random hexamers and 10 pmoles of 
SMART IV oligo were used in the reaction. The reaction was incubated for 1 h at 
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42 °C, and stopped by heating 7 min at 72 °C. Subsequent steps were as 
described here above. 

DNA fragments generated by 5′-RACE and RT-PCR analyses were sequenced 
with the BigDye® Terminotor V3.1 Cycle Sequencing kit (Life technologies), 
according to the manufacturer’s recommendation. Sequencing reactions were 
purified with the BigDye® XTerminator kit (Life technologies) and were run on an 
ABI 3130xL Genetic Analyzer (Life technologies). Sequence of the full-length CT-
GABRA3 transcript has been submitted to GenBank under the accession number 
KJ620007. 

5-Aza-2′-deoxycytidine treatment 

Cells grown to 60–70% confluence were exposed to a single dose of 2 μM 5-aza-
2′-deoxycytidine (Sigma-Aldrich), and maintained in culture during 6 d (a period 
of time corresponding to at least 3 population doublings) before RNA extraction. 

Sodium bisulfite genomic sequencing 

Sodium bisulfite genomic sequencing of the MAGEA3/CT-GABRA3 promoter 
region was performed as described previously.39 Primer used for nested PCR 
amplification of bisulfite treated DNA were respectively 
TYGATTTTTATTTAGGTAGAATTT and TAAAATAATAACRACCCAACCTAA (1st PCR) 
and ATTTAGGTAGAATTTAGTTTTAT and CCCTACRAAATAACCCAAA (2nd PCR). 
These primers sets also amplify the MAGEA6 promoter region, which shows 
100% sequence identity. 

Construction of luciferase reporter vectors and luciferase assays 

TET1 and TET3 3′-UTRs were amplified by PCR using the high fidelity PrimeStar 
HS DNA polymerase (Takara), with primers carrying a 5′ overhang containing a 
restriction site for either XhoI (sense primer) or Not1 (antisense primer) (see table 
S2). PCR fragments were cloned between the corresponding restriction sites into 
the psiCHECK™-2 vector (Promega). Vector inserts were sequenced to verify the 
presence of error-free miR-767 target sequences. 
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The luciferase reporter vector containing the mutant version of TET1 3′-UTR was 
generated by site directed mutagenesis of the wild-type vector, using the 
QuickChange multi site-directed mutagenesis kit (Stratagene), and according to 
the manufacturer’s instructions. Mutagenic primers (TET1-mut1 to -mut4, see 
Table S1) were designed using the QuickChange primer design program 
(www.agilent.com/genomics/qcpd). 

In co-transfection of miRNA and luciferase reporter experiments, 2.x104 HEK293T 
cells were seeded in each well of a 96-well plate. After 24h, cells in each well 
were transfected using the Lipofectamine 2000 reagent (Invitrogen, Life 
Sciences), with 0.05 ng of the luciferase reporter vector and mirVana miRNA 
Mimics (Ambion, ThermoScientific) at a final concentration of 10 nM (Fig. 3B or 3 
nM (Fig. S3B). Luciferase activities were measured 24h after transfection by using 
the Dual-Glo® Luciferase Assay System (Promega) and a Glomax® 96 Microplate 
luminometer (Promega). 

In the experiments of stable transfection of luciferase reporters in HEK293 cells, 
cells were seeded at ~40% confluency in 75 cm2 flasks, and were transfected 24h 
later, using Lipofectamine 2000, with 20 µg of the reporter vector, 10 µg of 
genomic DNA, and 1 µg of pCDNA3 (carrying a neomycin resistance gene; 
Invitrogen). Transfectants were selected in 0.8 mg/ml G418 Geneticin® 
(Invitrogen, Life Sciences), and were harvested after 19 d of selection for analysis 
of luciferase activities. For Mi13443-MEL cells, cells were seeded at ~50% 
confluency in 75 cm2 flasks, and were transfected 24h later, using the Genius 
DNA transfection reagent (Westburg) according the manufacturer’s instructions, 
with 10 µg of the reporter vector, and 1 µg of pCDNA3. Transfectants were 
selected in 0.8 mg/ml G418 Geneticin®, and were harvested at different time 
points (day 14, 17 and 22) for analysis of luciferase activities. 

Transfection of synthetic miRNAs and miRNA inhibitors 

For analysis of the effect of miRNA transfection on endogenous TET mRNA and 
protein levels, and on 5hmC levels, synthetic mirVana miRNA Mimics were 
transfected at a final concentration of 50 nM using the Lipofectamine 2000 
reagent (Invitrogen, Life Sciences) in HEK293T cells; and at a final concentration 



CHAPTER I 

91 

of 50 nM using the Lipofectin reagent (Invitrogen, Life Sciences) in TERA-1 cells. 
In both cases, the manufacturer’s instructions were applied. 

For analysis of miRNA inhibitors on TET expression levels in tumor cells, 5′-
fluorescein-labeled miRCURY LNA™ Power microRNA inhibitors (Exiqon) were 
transfected at a final concentration of 100 nM, using the ExGen 500 transfection 
reagent (Thermo Scientific) for Mi13443-MEL cells, the Genius DNA transfection 
reagent for LB373-MEL cells, and the Lipofectamine 2000 transfection reagent 
for LB2201-MEL and GLCP1 cells. In all cases, the manufacturer’s instructions 
were applied, and visual analysis under a fluorescent microscope revealed nearly 
100% transfection efficiencies. Cells were harvested at day one after transfection 
for TET1/3 gene expression analysis. 

Western blotting 

Whole cell lysates were obtained by harvesting cells in 1 x Laemmli buffer 
complemented with the cOmplete Mini protease inhibitor cocktail (Roche), 
PhosphoStop phosphatase inhibitor cocktail (Roche), and 1 mM of 
phenylmethanesulfonyl fluoride (Sigma-Aldrich). Whole cell lysates were 
denatured for 10 min at 99 °C, sonicated with a Bioruptor sonicator (Diagenode), 
and reheated for 5 min at 99 °C before loading and electrophoresis in a 4–15% 
acrylamide Mini-Protean® TGX gel (Biorad). Proteins were thereafter submitted 
to an overnight electrotransfer on a polyvinydilene difluoride Immobilon®-P 
transfer membrane (Millipore) at 4 °C. The membrane was thereafter saturated 
in a PBS solution containing 4% non-fat milk and 0.05% Tween 20 during 1h at 
room temperature. Incubation with the primary antibodies was performed in 
the same solution either overnight at 4 °C for TET1 and TET3, or during 1h at 
room temperature for p80-Ku. Primary antibodies were: anti-TET1 rabbit 
polyclonal antibody (1:5000, GT1462, Genetex), anti-TET3 rabbit polyclonal 
antibody (1:5000, C3, Genetex), and anti-p80-Ku mouse monoclonal antibody 
(1/500, GE2.9.5, Millipore). Following incubation with the primary antibody, the 
membrane was washed 3 times in PBS-Tween 0.05% and then incubated at 
room temperature for 45 min in the presence of either HRP-conjugated goat 
anti-rabbit IgG antibody (1:10000, Enzo, Life Sciences) or HRP-conjugated goat 
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anti-mouse IgG antibody (1:2000, Santa Cruz). Signals on the membrane were 
revealed using the SuperSignal West Pico Chemiluminescent Substrate (Pierce, 
Thermo Scientific), and after exposure to Fuji Medical X-RAY films (Fujifilm). 
Before applying a new antibody, the membrane was subjected to a 10 min 
incubation in 0.4 M NaOH at room temperature, three washes in PBS-Tween 
0.05%, and incubation in a PBS solution containing 4% non-fat milk and 0.05% 
Tween 20 during 1h at room temperature. 

Slot Blot analysis of 5hmC 

Genomic DNA was extracted using the SDS/Proteinase K lysis method as 
described previously.40 It was then treated with RNase A (1µg/µl final 
concentration) for 30 min, and purified by phenol/chloroform extractions and 
ethanol precipitation. The Nanodrop ND-1000 spectrophotometer (Isogen, Life 
Sciences) was used for quantification. DNA samples were denatured by 
incubation in a solution of 0.4 mM NaOH and 10 mM EDTA at 99 °C for 10 min, 
and then chilled on ice. Aliquots (500 ng for HEK293T and 2 µg for TERA-1) were 
slotted on positively charged nylon Hybond™ membranes (Amesham, GE 
Healthcare) using a Hybri.Slot 24 blotting apparatus (Core, Life Sciences). 
Membranes were thereafter washed quickly in 2 x SSC, dried, and cross-linked by 
UV exposure. Blocking of the membranes was performed by incubation in PBS 
containing 5% dry milk and 0.05% Tween, during 1h at room temperature. They 
were then probed with an anti-5hmC rabbit polyconal antibody (1:10000, 
#39769, Active Motif), during an overnight incubation at 4 °C. After three washes 
in PBS-Tween 0.05%, the membranes were incubated at room temperature for 
45 min in the presence of HRP-conjugated goat anti-rabbit IgG antibody 
(1:10000, Enzo, Life Sciences). Signals on the membranes were revealed using 
the SuperSignal West Pico Chemiluminescent Substrate (Pierce, Thermo 
Scientific), and after exposure to Fuji Medical X-RAY films (Fujifilm). Membranes 
were thereafter washed quickly in PBS-Tween 0.05%, before staining in a 
methylene blue solution (0.02% methylene blue, 0.3M NaOH, pH 5.2). Films and 
stained membranes were scanned, and slot intensities were quantified using 
ImageJ. 
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Analysis of lung squamous cell carcinoma mRNA data sets 

We used data sets from the TCGA (Nature 2012), which were obtained on 
Agilent microarrays.41 The gene expression value in each sample was reported to 
the mean value in all samples. Relative gene expression values were then log2 
transformed for subsequent analyses. Samples were sorted according to their 
relative GABRA3 expression value. GABRA3low and GABRA3high subgroups were 
defined so as to match the proportion of GABRA3 negative/positive (60% neg. 
and 40% pos.) samples determined by RT-qPCR experiments in NSCLC lung 
carcinomas, see Figure 1C). Two-tailed unpaired t test was used for statistical 
analyses. 
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Figure S1. Characterization of the novel CT-GABRA3 transcript by 5’-RACE and RT-PCR 
experiments. (A) Schematic representation of the GABRA3 locus, with the exon/intron structure of 
the reference GABRA3 gene (XM_005274659.1, NCBI RefSeq), which we re-named BT-GABRA3. 
Arrowheads indicate the approximate position and orientation of PCR primers used in subsequent 
experiments. (B)A first 5’-RACE experiment, using the SMART technology, was performed on total 
RNA extracted from the Mi13443-MEL melanoma cell line. Three rounds of nested PCR were 
applied, using the 5’L adapter sense primer and different antisense primers, as indicated. PCR 
products resulting from the third amplification round were submitted to gel electrophoresis, and 
the indicated band was extracted and sequenced. Exon/intron structure of the corresponding 
transcript is shown, and positions of exons relative to the reference GRCh38 human genome 
assembly are given. Of note, the upper band was found to result from non-specific amplification. 
(C)A second 5’-RACE experiment, with two rounds of nested PCR, was applied to melanoma cell 
line MZ2-MEL, and led to the identification of an alternative, likely truncated (see panel E), 
transcript variant. (D)Total RNA from Mi13443-MEL was reverse-transcribed, and submitted to two 
nested PCR with the indicated primers. Gel analysis revealed amplification of several bands. The 
bulk PCR product was cloned into a vector, and individual clones were sequenced. This led to the 
characterization of several splicing variants. (E) Inclusion of the exon identified by 5’-RACE in MZ2-
MEL (see panel C) in CT-GABRA3 transcripts also containing upstream exons was verified by an RT-
PCR experiment using corresponding primers, as indicated. (F)Initiation of CT-GABRA3 
transcription at the position defined by 5’-RACE experiments was corroborated by the lack of RT-
PCR signal when a PCR primer (u) located just upstream of that position was used. (G)A final 
experiment, combining RT-PCR, bulk cloning, and individual clone sequencing, was performed to 
verify that CT-GABRA3 transcripts comprise newly indentified upstream exons linked to all exons 
but exon 1 of the referenced BT-GABRA3 gene. 

 

Figure S2. Short upstream open reading frames (uORFs) in CT-GABRA3 mRNAs inhibit translation 
of the GABRA3 protein.(A)Expression vectors were constructed, which contained the full length 
ORF of GABRA3 preceded by the 5’ UTR of either BT-GABRA3 or three splice variants of CT-GABRA3 
(#1 to #3; see Fig. E2G). Blue arrows below CT-GABRA3 transcripts delineate uORFs. Of note, two of 
these originate in the most 5’ exon (C1), which is generally present in all CT-GABRA3 splice variants. 
(B)These expression vectors, as well as an empty control vector, were transfected together with a 
GFP-expressing vector into HEK293T cells. Proteins were extracted from transfected cells and 
analyzed by Western blotting for the presence of the GABRA3 protein (anti-GABRA3; #ab23334, 
Abcam). Immunodetection of GFP (anti-GFP; #ab290, Abcam) served to verify similar transfection 
efficiencies. The results revealed marked inhibition of GABRA3 translation in CT-GABRA3 
transcripts. * non-specific band. (C)The presence of the GABRA3 protein was examined in 
melanoma cell lines that do (+) or do not (-) express CT-GABRA3. None of these cell lines expressed 
BT-GABRA3. HEK293T cells that had been transfected with an expression vector carrying the 
GABRA3 ORF were used as positive control. Loaded protein amounts are indicated, and were 
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verified after Ponceau S staining. The results show that the GABRA3 protein remains undected in 
CT-GABRA3-expressing cell lines. 

 

 

Figure S3. GABRA3 and MAGEA3 show frequent co-activation in melanoma and non-small cell 
lung carcinoma (NSCLC) tissue samples.Tumor samples were analyzed by RT-PCR for the 
expression of GABRA3 and MAGEA3. For each tumor type, the number of samples that scored 
either positive or negative for one or both genes was reported in a 2X2 contingency table. 
Significant tendency of co-expression of the two genes was validated by a Fisher exact test. 

 

Figure S4. Activation of GABRA3 transcripts in melanoma cell cultures correlates with that of CG 
genes. Publicly available gene expression microarray data obtained from 45 melanoma cell 
cultures (dataset GSE4843) were downloaded. Relative probe intensities are reported by the 
indicated color code in the grid, with each column corresponding to a melanoma cell culture, and 
each row to a gene. Melanoma cell cultures were ordered according to GABRA3 relative probe 
intensity values. Probe intensities for several known CG genes are also depicted (MAGEA3 and 
MAGEA6, as well as CSAG2 and CSAG3 cannot be distinguished because of high sequence 
identity). Correlation coefficients between relative probe intensity values of CG genes and GABRA3 
were calculated. These revealed a significant trend of co-activation of GABRA3 with CG genes. 
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Figure S5. TET1 regulation by miR-767 is impaired by mutations in 3’-UTR target 
sequences.(A)Schematic representation of the 3’-UTR of TET1 (empty bar) with the locationof miR-
767 seed sequences indicated by red triangles (only 7-mer and 8-mer seeds are depicted). The 
sequence of miR-767(-5p) is given, as well as the seed match sequences in the 3’-UTR of TET1 (wt). 
A mutant form of the 3’UTR of TET1 was generated (mut4), which contains the indicated 
nucleotide changes (underligned) in each of the four seed sequences. (B) HEK293T cells were co-
transfected with a luciferase reporter gene linked to either the wt or the mut4 TET1 3’-UTR, and 
with the indicated miRNAs. Renilla luciferase were measured 24h after transfection, and were 
normalized with respect to the Firefly luciferase reporter carried on the same vector. Luciferase 
units are expressed relative to miR-105-transfected control cells, and represent means ±SD (n=4). 
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Table S1. Description of human tumor tissue samples 

 

 

Melanoma tissue samples
Ref Patient code Sex* Age** type of lesion
#1 LB1616 F 77 cutaneous melanoma, breast metastasis
#2 LG37 F 36 cutaneous melanoma , iliac node metastasis
#3 EN7 F 35 cutaneous melanoma , leg metastasis
#4 CP30 F n/a cutaneous melanoma, lymph node metastasis
#5 LB2077 F 28 metastatic cutaneous melanoma
#6 DDHK0002 M 56 metastatic cutaneous melanoma
#7 DDHK0002 M 56 cutaneous melanoma , leg in transi t metastasis
#8 KUL73 F 71 cutaneous melanoma , satellite nodule
#9 LB2201 F 45 cutaneous melanoma, epithrochlear lymph node metastasis
#10 CP64 M 82 cutaneous melanoma , clavicular subcutaneous nodule
#11 KUL73 F 71 metastatic cutaneous melanoma
#12 VUB39 F 73 cutaneous melanoma , axillary node metastasis
#13 BB132 M 70 cutaneous melanoma , thoracic subcutaneous nodule
#14 LB168 M 53 cutaneous melanoma , mesenteric lymph node metastasis
#15 KUL73 F 71 cutaneous melanoma , inflammatory cutaneous nodule
#16 LB207 7 F 28 cutaneous melanoma , intracardiac metastasis
#17 EB81 F 70 cutaneous melanoma , lymph node metastasis
#18 LB2269 M 62 cutaneous melanoma, axillary lymph node metastasis
#19 LB2259 F 74 cutaneous melanoma , thoracic subcutaneous nodule
#20 LB2370 M 39 cutaneous melanoma , inguinal lymph node metastasis
#21 LB2293 F 53 cutaneous melanoma, lymph node metastasis
#22 LB2357 M 62 cutaneous melanoma , supraclavicular lymph node metastasis
#23 CP67 F 44 cutaneous melanoma , left axillary lymphadenopathy
#24 LB2174 F 49 cutaneous melanoma , subcutaneous nodule
#25 LB2439 F 33 cutaneous melanoma , mediastinal lymph node metastasis
#26 DDHK0062 M 42 cutaneous melanoma , leg in transit metastasis
#27 LB2174 F 49 cutaneous melanoma , subcuta neous nodule
#28 LB2652 M n/a cutaneous melanoma, temporal lobe metastasis
#29 LB1572 M 36 benign nevus

Non -small cell lung carcinoma tissus samples
Ref Patient code Sex Age type of lesion
#1 LB1214 M 65 epidermoid carcinoma, primary tumor
#2 LB498 M 55 epidermoid carcinoma, calf muscle metastasis
#3 LB973 M 62 epidermoid carcinoma, primary tumor
#4 LB1005 M 68 epidermoid carcinoma, primary tumor
#5 LB1006 F 67 epidermoid carcinoma, primary tumor
#6 LB1007 n/a 60 epidermoid carcinoma, primary tumor
#7 LB498 M 55 epidermoid carcinoma, recurrent calf muscle metastasis
#8 LB1061 M 62 epidermoid carcinoma, primary tumor
#9 LB1080 M 68 epidermoid carcinoma, primary tumor
#10 LB1102 M 49 epidermoid carcinoma, primary tumor
#11 LB1104 M 77 epidermoid carcinoma, primary tumor
#12 LB1123 M n/a epidermoid carcinoma, primary tumor
#13 LB1124 M n/a epidermoid carcinoma, primary tumor
#14 LB1125 M 66 epidermoid carcinoma, primary tumor
#15 LB1135 M 74 epidermoid carcinoma, primary tumor
#16 LB1136 F 68 epidermoid carcinoma, primary tumor
#17 LB1152 M 64 epidermoid carcinoma, primary tumor
#18 LB1156 M 54 epidermoid carcinoma, primary tumor
#19 LB911 M 73 epidermoid carcinoma, primary tumor
#20 LB1201 M 72 epidermoid carcinoma, primary tumor
#21 LB1211 M 72 epidermoid carcinoma, primary tumor
#22 LB1210 M 63 epidermoid carcinoma, primary tumor
#23 LB1222 M 69 epidermoid carcinoma, primary tumor
#24 LB1229 M 73 epidermoid carcinoma, primary tumor
#25 LB1239 M 64 epidermoid carcinoma, primary tumor
#26 LB1261 M 74 epidermoid carcinoma, primary tumor
#27 LB1303 M n/a epidermoid carcinoma, primary tumor

* M = male; F = female
** Age at tissue sample resection
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Table S2. Oligonucleotidic primers and probe sequences 

 

 

Primer/probe Sequence Ref.

GABRA3 a GGCAGACATGGCATGATGAA
GABRA3 b CTTCAGCTGTTGTATAGGCATAGCTT
GABRA3 c CGAGGGCTCAACCTCCAACTT
GABRA3 d CATCATGCCATGTCTGCCGAAA
GABRA3 e GGAGGCGGAGATTGCACA
GABRA3 f GGCATAGCTTCCAAACTTCAGTGGGCAGGCA
GABRA3 g GGGGCCATCAAATTTCAGTCTTTCATCATGCCAT
GABRA3 h CCTTGACCAGTGGTTCCAGGGAGA
GABRA3 i CAACGGTACTACCCTGGGT
GABRA3 j CCAAGGCTGGTCATGTAACAGT
GABRA3 k ATGAATTCTACTGTTTGCGGATCATGCCCT
GABRA3 l GGAGAGACCTGTGACCTTTCT
GABRA3 m TGCTGCACTGCCACCACTAT
GABRA3 u CGGTCTTCTGACCTCCAATGCGCAA
GABRA3 -probe FAM -CTGGACACCGGACACCTTCTTCCACAATGGCA -TAMRA
TET1_F1 CCCGAATCAAGCGGAAGAATA 1
TET1_R1 TACTTCAGGTTGCACGGT 1
ACTINF CCCTGGACTTCGAGCAAGAGAT 1
ACTINR AAGGTAGTTTCGTGGATGCCACA 1
TET3_F GTTCCTGGAGCATGTACTTC 2
TET3_R CTTCCTCTTTGGGATTGTCC 2
TET1_Xho ATGACTCGAGAGGCTTTTCTCCCCCTCT
TET1_NotI TATGCGGCCGCCCTTGCTTCATGAGAAAGAGCA
TET3_NotI TATGCGGCCGCGGGAGGGTAAGGAGGGGTA
TET3_XhoI ATGACTCGAGGTGCCAGGGAGCCAGCGT
TET1_mut1 AAAATAAGCTGAATTATTATTTCATGCAGCCATTGTTCCAACATCTTCCAATC
TET1_mut2 GAGTATGGAAAACCTAATGCAGCTTCTCCCTTGGAAATGC
TET1_mut3 CCGCTAACACTTACAATTTTGCAGCAAAAGCA AACAGTTCCAGC
TET1_mut4 AAACTCATTGTAACTTATTAAAATAATATCTGCAGCAAAGTATCTGTTTTGAGCTTTTGAC

1. Hsu et al., 2012 Cell Rep , 2:568 -579
2. Lian et al., 2012 Cell , 150:1135 -1146
!
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Potential mechanistic link between DNA hypomethylation and 
hypermethylation of alternative GABRA3 promoters in tumors 

Van Tongelen A., Fain J., Loriot A.,and De Smet C. 
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1 Introduction 

Through our previous research on the GABRA3 locus, we discovered a 
new cancer-germline (CG) transcript called CT-GABRA3 (Loriot et al. 2014). This 
transcript starts its transcription from an alternative promoter located 247-kb 
upstream of the canonical promoter of GABRA3 which we renamed BT-GABRA3 
(Fig. 1A). We observed that in normal tissues, BT-GABRA3 is only expressed in 
brain and testis. The CT-GABRA3 transcript is normally expressed exclusively in 
testis and becomes frequently active in melanoma cell lines (Fig. 1B). We also 
showed that the tissue-specific expression of CT-GABRA3 is regulated by DNA 
methylation. Indeed, in normal somatic tissues, CT-GABRA3 is methylated while 
its transcriptional activation is associated with its promoter hypomethylation in 
melanoma. Moreover, the expression of CT-GABRA3 can be induced by a DNA 
methylation inhibitor, 5-azadC (Loriot et al. 2014).  

An intriguing observation was that in tumor cell lines where CT-GABRA3 
is demethylated and expressed, the promoter of BT-GABRA3, located 
downstream, is hypermethylated. This raised the possible existence of a 
crosstalk between DNA hypomethylation and DNA hypermethylation in the 
GABRA3 locus. In order to verify this possibility, we initiated a research project 
aiming at generalizing our observation of opposing DNA methylation alterations 
in CT- and BT-GABRA3 promoters in a larger set of samples, and at deciphering 
the mechanisms underlying this process of interdependent epigenetic 
modification. Preliminary results are presented in the following pages. 

 

Figure 1: (A) Schematic representation of the GABRA3 locus, and localization of primers 
used for specific amplification of BT-GABRA3 and CT-GABRA3 transcript variants. (B) Gel analysis of 
RT-PCR with primers recognizing only BT-GABRA3 transcript (primers a & b) or only CT-GABRA3 
transcripts (primers c & b) in normal tissues and melanoma cell lines. 
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2 Results 

2.1 CT-­‐GABRA3	
  is	
  activated	
  in	
  tumors	
  
In our previous research, we analyzed CT-GABRA3 and BT-GABRA3 

expression in only a limited number of samples of two melanoma and non-small 
cell lung cancer (NSCLC) samples. To confirm that CT-GABRA3 is activated more 
frequently than BT-GABRA3 in tumors, we performed an RT-PCR analysis to 
examine the expression profile of each of these transcripts in a larger set of 
melanoma and NSCLC tissue samples (Fig. 2). We observed that CT-GABRA3 is 
expressed in 64% (16/25) of melanoma tissue samples and 30% (8/27) of NSCLC 
tissue samples. On the other hand, BT-GABRA3 is generally silent with only 
sporadic activation in 8% (2/25) melanoma and 7% (2/27) NSCLC tissue samples. 
These observations confirm our previous data showing that CT-GABRA3 is a CG-
gene frequently activated in melanoma and lung cancer, whereas BT-GABRA3 is 
generally silent.  

 

Figure 2: Gel analysis of RT-PCR of BT-GABRA3 and CT-GABRA3 transcripts in melanoma 
and lung carcinoma tissue samples.  
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2.2 CT-­‐GABRA3	
  promoter	
  hypomethylation	
  correlates	
  with	
  BT-­‐GABRA3	
  
promoter	
  hypermethylation	
  in	
  melanoma	
  
 

Both promoters, CT-GABRA3 and BT-GABRA3, contain CpG islands (Fig. 
3). Bisulfite sequencing analyses were performed in order to determine DNA 
methylation status of CT-GABRA3 and BT-GABRA3 promoters in normal tissues 
and melanoma cell lines (Fig. 4). In normal somatic cells (melanocytes and lung), 
and in two melanoma cell lines (Mi1811 and LB2667) where CT-GABRA3 is not 
expressed, the promoter of CT-GABRA3 is methylated and that of BT-GABRA3 is 
unmethylated. Conversely, in melanoma cell lines MZ2-MEL, Mi13443, LB29 and 
SK23, where the promoter CT-GABRA3 is hypomethylated and activated, the BT-
GABRA3 promoter is hypermethylated (Fig. 4).  

 

 

Figure 3: Illustration of CpG islands of the CT-GABRA3 and BT-GABRA3 promoters according the 
criteria : length > 200pb ; GC% > 0,5 and CpG expected on CpG expected > 0,6 (Gardiner-Garden 
and Frommer 1987). Grey box represents genomic DNA, colored boxes represent first exon of the 
indicated gene, broken arrows represent transcription initiation and red lines represent CpG sites.  

BT-GABRA3MAGE-A3 CT-GABRA3

CT-GABRA3 CpG island

+199-261 +224-64

BT-GABRA3 CpG island
460pb 288pb

# C
# G
%GC
lenght
CpG Observed
CpG Expected
CpG Observed/CpG Expected

121
182
65 %
460 pb
29
48
61 %

# C
# G
%GC
lenght
CpG Observed
CpG Expected
CpG Observed/CpG Expected

84
77
56 %
288 pb
14
22
62 %

CpG CpG



CHAPTER II 

109 

 

Figure 4: Bisulfite sequencing of the MAGEA3/CT-GABRA3 promoter region and BT-
GABRA3 promoter in normal tissues and melanoma cell lines. Vertical bars indicate location of CpG 
sites with positions relative to the CT-GABRA3 start site. Open and filled squares represent 
unmethylated and methylated CpG sites respectively, and each row represents a single clone. BT-
GABRA3 and CT-GABRA3 expression status (+) or (-) in samples is indicated (positive samples also 
express MAGEA3). 
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correlation of DNA methylation profiles we observed in CT-GABRA3 and BT-
GABRA3 promoters in melanoma cell lines, also existed in melanoma samples in 
vivo. Because tumor samples are heterogeneous, we resorted to a more sensitive 
method to evaluate a relative methylation level of both promoters in melanoma 
samples by using quantitative methyl-specific PCR (qMSP) analysis.  

A relative hypomethylation level was calculated for the CT-GABRA3 
promoter and a relative hypermethylation level for the BT-GABRA3 promoter. 
Similarly to the observations in melanoma cell lines, there was a trend towards 
an inverse correlation can be observed between the methylation level of CT-
GABRA3 and BT-GABRA3 promoters in vivo in melanoma samples (Fig. 5). 

 

 

Figure 5: Methylation profile of BT-GABRA3 and CT-GABRA3 by quantitative methyl-
specific PCR (qMSP) analysis on melanoma samples. The relative methylation level corresponds to 
the number of amplification by primers specific for unmethylated (Methyl-Specific Unmethylated - 
MSU) or methylated (Methyl-Specific Methylated - MSM) regions on the number of amplification 
by both primer pairs, MSM and MSU, multiplied by 100. The upper part of the graph shows a gain 
of methylation of the BT-GABRA3 promoter region whereas the lower part of the graph indicates a 
loss of methylation on the CT-GABRA3 promoter region. Melanoma samples data are sorted by the 
level of CT-GABRA3 hypomethylation. As a control, we took the cell lines Mi13443 that showed in 
previous bisulfite sequencing analysis a complete hypomethylation of CT-GABRA3 and extremely 
high methylation of BT-GABRA3, as well as the cell line LB2667 that showed a high methylation 
level of CT-GABRA3 and an absence of methylation in BT-GABRA3 promoter. 
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2.3 Activation/hypomethylation	
   promoter	
   CT-­‐GABRA3	
   correlates	
  with	
  
BT-­‐GABRA3	
  promoter	
  hypermethylation	
  in	
  lung	
  adenocarcinoma	
  
CT-GABRA3 is expressed not only in melanoma, but also in lung cancer 

(Fig. 6). Therefore, in order to verify the association between CT-GABRA3 
demethylation and BT-GABRA3 hypermethylation in lung cancer, we performed 
an in silico analysis. The Database Transcription Start Site (DBTSS; www. 

http://dbtss.hgc.jp) contains the precise position of transcriptional start sites (TSS) 
in the genome, various multiomics data such as the DNA methylation profile of 
gene promoter regions, the enrichment of histone marks across the genome 
and also gene expression data. All these data are available for 26 lung 
adenocarcinoma cell lines. As GABRA3 locus is located on the X chromosome, we 
studied 15 lung adenocarcinoma cell lines that derived from men. Through this 
selection, we avoided the bias of allele differences, as men harbor only one copy 
of the X chromosome. Of note, RNA-seq RNA-seq data of DBTSS does not 
differentiate the two variants of GABRA3.  

We classified the 15 cell lines in two groups according to the expression 
profile of GABRA3 (Fig. 6A). The first group contains nine cell lines showing an 
expression of GABRA3 (>1RPKM) and six cell lines showing an absence of GABRA3 
expression (<1RPKM). It is reasonable to consider that positive RNA-seq results 
for GABRA3 expression in these cell lines correspond to the presence of CT-
GABRA3 transcripts, as this variant is much more frequently activated in tumors 
than BT-GABRA3. Moreover, in these cell lines, positive RNA-seq results for 
GABRA3 always correlated with expression of gene MAGEA3, which shares the 
same promoter with CT-GABRA3 (Loriot et al. 2014). The frequent activation of 
CT-GABRA3 in lung cancer cell lines is consistent with previous observations 
made in lung cancer samples.  

Furthermore, bisulfite sequencing (BS-Seq) data from DBTSS show that 
the expression of CT-GABRA3 in lung adenocarcinoma cell lines is correlated with 
CT-GABRA3 promoter hypomethylation (Fig. 6B). Indeed, in CT-GABRA3 non-
expressing cell lines, CT-GABRA3 promoter is methylated in 100% (6/6) of the cell 
lines, while in the group of cell lines expressing CT-GABRA3, nearly 80 % (7/9) of 
the cell lines show hypomethylation of CT-GABRA3 promoter. Remarkably, 100% 
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(9/9) of the CT-GABRA3 expressing cell lines showed hypermethylation within 
the 5’ region of BT-GABRA3 whereas this was observed for only 50% (3/6) of the 
CT-GABRA3 non-expressing cell lines (Table 1). 

Overall, the methylation profile analysis of BT-GABRA3 and CT-GABRA3 
promoters in lung cancer shows an inverse correlation between the methylation 
profile of the two promoters BT-GABRA3 and CT-GABRA3, as we also observed in 
melanoma.   

 

 

Figure 6 in silico (http://dbtss.hgc.jp) analysis of GABRA3 expression and methylation 
profile in lung carcinoma cell lines. (A) Relative expression of GABRA3 (RPKM). (B) Bisulfite-
sequencing (BS-Seq) data showing methylation state of the BT-GABRA3 and CT-GABRA3 promoter 
region. 
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Table 1: Number of lung adenocarcinoma cell lines sorted according GABRA3 expression 
and methylation profile from in silico (http://dbtss.hgc.jp) 

  
GABRA3	
  expression	
  

	
     
GABRA3	
  expression	
  

	
    
+	
   -­‐	
  

	
     
+	
   -­‐	
  

Methylation	
  
of	
  	
  

CT-­‐GABRA3	
  
promoter	
  

+	
   2	
  (22%)	
   6	
  (100%)	
   	
  
Methylation	
  

of	
  	
  
BT-­‐GABRA3	
  
promoter	
  

+	
   9	
  (100%)	
   3	
  (50%)	
  

-­‐	
   7	
  (78%)	
   0	
   	
   -­‐	
   0	
  (0%)	
   3	
  (50%)	
  

 

2.4 CT-­‐GABRA3	
   expression	
   and	
   hypermethylation	
   of	
   BT-­‐GABRA3	
  
promoter	
  is	
  associated	
  with	
  H3K36me3	
  enrichment	
  in	
  BT-­‐GABRA3	
  
promoter	
  region	
  	
  
In order to investigate potential epigenetic mechanisms associated with 

BT-GABRA3 hypermethylation, we performed an in silico analysis on the 15 male 
lung carcinoma cell lines through the DBTSS platform where ChIP seq data are 
available for several histone marks. We classified the 15 lung adenocarcinoma 
cell lines in two groups according to the expression of CT-GABRA3. These 
analysis allowed us to identify an enrichment of H3K36me3 histone mark in 
association with BT-GABRA3 hypermethylation (Fig. 7). Moreover, we observed 
that the enrichment of H3K36me3 mark is associated with the transcription of 
CT-GABRA3, as it extends from the TSS of CT-GABRA3 up to the end of the 
transcript, located far downstream of the BT-GABRA3 promoter. Additionally, 
only H3K36me3 histone mark was associated with BT-GABRA3 hypermethylation 
while no specific enrichment or loss of other histone marks such as H3K27me3, 
H3K4me2/3, H3ac, H3K9me3 or H3K27ac had been observed in the BT-GABRA3 
promoter region (data not shown).   



CHAPTER II 

114 

 

Figure 7: in silico data of ChIP-Seq analysis targeting H3K36me3 mark in 15 lung 
carcinoma cell lines showing the presence of H3K36me3 mark all along CT-GABRA3 transcript 
when it’s expressed. 
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the DNA methylation inhibitor, 5-azadC. The treatment showed no effect on BT-
GABRA3 expression in melanoma cell lines LB2667 and Mi1811, but surprisingly, 
induced activation of this gene where its promoter was initially 
hypermethylated (Fig. 8).  

These results indicate that in is default state, BT-GABRA3 is insensitive to 
DNA methylation. However, following promoter hypermethylation, BT-GABRA3 
becomes dependent on DNA methylation and can be induced by a DNA 
demethylation agent. 

 

Figure 8: Six melanoma cell lines cultured in the presence (+) or in the absence (-) of a 
DNA methylation inhibitor, 5-aza-deoxycytidine (5-azadC). Expression of CT-GABRA3, BT-GABRA3 
and ACTB (control) were analyzed by RT- PCR.  
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3 Discussion & Perspectives 

Today, three main mechanisms have been proposed to direct 
hypermethylation of gene promoters in tumors. These mechanisms are based 
on the activation of transcription factors (Di Croce et al. 2002; Thillainadesan et 
al. 2012), the co-existence of H3K27me3 and H3K4me2 histone marks at gene 
promoter (Varambally et al. 2002; Schlesinger et al. 2007), and the 
downregulation of TET demethylase activity (Thienpont et al. 2016). However, 
these mechanisms have been demonstrated for a restricted proportion of 
hypermethylation events suggesting that DNA hypermethylation in tumors can 
result from multiple mechanisms.  

Our preliminary results on the GABRA3 locus uncover a potential new 
molecular process leading to DNA hypermethylation in tumors. Our analysis 
revealed that the hypomethylation and transcription of the upstream promoter 
of the GABRA3 locus, CT-GABRA3, are associated with the hypermethylation of 
the downstream promoter of the GABRA3 locus, BT-GABRA3, in cancer. This 
observation reveals an unexpected connection between DNA hypomethylation 
and hypermethylation in tumors.  

Moreover, we showed that the transcription of CT-GABRA3 was 
associated with the enrichment of H3K36me3 histone mark through its 
transcribed region. Based on our preliminary results, we propose a model 
whereby DNA hypermethylation and hypomethylation are connected by a 
mechanism of transcriptional overlap (Figure 9). The demethylation of the CT-
GABRA3 induces its transcriptional activation. Then, the transcriptional 
machinery including RNA PolII, and the H3K36 methyltransferase SETD2 
(Edmunds et al. 2008), catalyzes H3K36me3 marks throughout the transcribed 
region. These marks subsequently recruit the de novo DNA methyltransferases 
(DNMT3s) to methylate the region including the BT-GABRA3 promoter (Dhayalan 
et al. 2010; Baubec et al. 2015).  
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Figure 9: Proposed mechanism of activation of CT-GABRA3 by hypomethylation creates 
a methylation-dependent chromatin environment on the downstream BT-GABRA3 promoter. Top 
panel: in normal somatic cells, CT-GABRA3 and BT-GABRA3 transcripts are both silenced. CT-
GABRA3 displays a hypermethylated promoter and BT-GABRA3 displays a non-methylated 
promoter. Lower panel: in cancer, DNA hypomethylation induces CT-GABRA3 transcription 
through the promoter of BT-GABRA3 resulting in BT-GABRA3 promoter hypermethylation. 
Probably, during the transcription of CT-GABRA3, the interaction between RNA PolII and SETD2 
methyltransferase induces tri-methylation of H3K36. Then, H3K36me3 would attract DNA 
methyltransferases (DNMT3), which would subsequently induce DNA hypermethylation. 

Further experimentation is required to confirm our model. First, we 
would like to demonstrate in an in vitro model that experimental activation of 
CT-GABRA3 leads to subsequent DNA hypermethylation of BT-GABRA3. Such 
type of experiment is being conducted in a melanoma cell line (LB2667), where 
we observed that experimental activation of CT-GABRA3, following transient 
exposure to 5-azadC, leads after a few days to hypermethylation of the 
downstream BT-GABRA3 promoter. The results are however difficult to 
reproduce, suggesting a very weak effect. Challenges could come from several 
problems such as the use of an inconvenient cell line model, which lacks 
necessary factors that we still have to identify.  

ChIP experiments against H3K36me3 mark should also be performed to 
confirm that the transcriptional activation of CT-GABRA3 directs the deposition 
of H3K36me3 mark along its transcribed region. This analysis could be 
performed in different melanoma or lung cancer cell lines that express or not CT-
GABRA3. An enrichment of H3K36me3 mark on the BT-GABRA3 promoter in cell 
lines expressing CT-GABRA3 would strengthen the in silico analysis. Moreover, an 
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enrichment of H3K36me3 on the BT-GABRA3 promoter in melanoma cell lines 
displaying a similar methylation profile to that of normal somatic cells after 5-
azadC treatmentswould provide evidence of a relation between CT-GABRA3 
transcription and H3K36 trimethylation on the BT-GABRA3 promoter.  

The fact that BT-GABRA3 becomes sensitive to DNA demethylation after 
it becomes hypermethylated suggests a switch of repression mechanisms of the 
promoter. Hypermethylation could induce this switch by inhibiting the binding 
of the repressors initially involved in BT-GABRA3 silencing. These repressors 
remain however to be characterized.  

We anticipate that the model we propose here, linking CT-GABRA3 
hypomethylation and BT-GABRA3 hypermethylation via transcriptional overlap, 
applies to other parts of the genome and contributes more largely to redefine 
the DNA methylation landscape in tumor cells. Identifying other genomic loci 
that undergo a similar process of epigenetic alteration in tumors also represents 
an important perspective.   
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4 Material and methods 

Cell lines and tumor tissue samples 

All human melanoma cell lines MZ2-MEL, Mi13443, SK-MEL-23, LB39, 
Mi1811 and LB2667 which derive from cutaneous melanoma metastases were 
obtained from the Brussels Branch of the Ludwig Institute for Cancer Research, 
and were cultured as previously described. Early passage human normal 
epidermal melanocytes (HNEM) were received from E. De Plaen (Ludwig 
Institute for Cancer Research, Belgium), and were cultured in Ham’s F10 medium 
(Life Sciences) supplemented with 6 mM Hepes, 1 x MelanoMax supplement 
(Gentaur), and 10% fetal bovine serum. RNA from human melanoma and NSCLC 
tissue samples used were obtained from the Brussels Branch of the Ludwig 
Institute for Cancer Research. Genomic DNAs used for bisulfite analysis from 
melanoma samples were obtained from Donata Rimoldi from the Lausanne 
Branch of the Ludwig Institute for Cancer Research. 

Isolation of clones 

To isolate clones showing homogenous genetic and epigenetic 
background, the cells were plated at limiting dilutions for an average density of 
1,5, 0,5 or 0,15 cells/well into 96-well plates. After four weeks each well showing 
one colony likely to derive from a single clone was chosen to be amplified for 
further analysis.   

5-Aza-2′-deoxycytidine treatment 

Cells grown to 60–70% confluence were exposed to a single dose of 2 
μM 5-aza-2′-deoxycytidine (Sigma-Aldrich), and maintained in culture during 6 d 
(a period of time corresponding to at least 3 population doublings) before RNA 
extraction. After treatment, LB2667.3 cells were cultured a subsequent ten days 
without treatment before cloning or 20-45 days before bisulfite analysis. 
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DNA isolation and bisulfite modification 

DNA was isolated by phenol/chloroform extraction method and 1µg of 
genomic DNA was treated with sodium bisulfite.  

Sodium bisulfite genomic sequencing 

Sodium bisulfite genomic sequencing of the MAGEA3/CT-GABRA3 and 
BT-GABRA3 promoter regions were performed as described previously. Primer 
used for MAGEA3/CT-GABRA3 nested PCR amplification of bisulfite treated DNA 
were respectively TYGATTTTTATTTAGGTAGAATTT and 
TAAAATAATAACRACCCAACCTAA (1st PCR) and ATTTAGGTAGAATTTAGTTTTAT 
and CCCTACRAAATAACCCAAA (2nd PCR). These primer sets also amplify the 
MAGEA6 promoter region, which shows 100% sequence identity. Primer used for 
BT-GABRA3 nested PCR amplification of bisulfite treated DNA were respectively 
AGTGGTGAATTTAAAGTTAGTAAAGG and CCCCAATATCTCCCTACTCAAAT (1st 
PCR) and GATAGAGAGGGAGGGAGGTAGA and CTAAACTTCCACCAACCCCACT 
(2nd PCR). 

RT-PCR and RT-qPCR analyses 

Total RNA samples were purchased from Ambion Life Technologies, or 
prepared from cell lines and surgical specimens (obtained from the Ludwig 
Institute for Cancer Research, Belgium) using either TriPure Isolation Reagent 
(Roche Diagnostics GmbH) or the guanidinium-isothiocyanate/cesium chloride 
procedure. Reverse transcription was performed on 2 μg of total RNA using M-
MLV Reverse transcriptase (Invitrogen) and random hexamers primers or dT18 
primers. Conventional PCRs were performed using the DreamTaq polymerase 
(Thermo Fisher Scientific), in a final reaction volume of 20 μl. Quantitative RT-
PCR amplifications were performed using the qPCR Core kit (Eurogentec). All 
qPCRs where SybrGreen assays. Primers used for the expression of CT-GABRA3 
were CATCATGCCATGTCTGCCGAAA and GGAGGCGGAGATTGCACA, of BT-
GABRA3 were CATCATGCCATGTCTGCCGAAA and GGGCTCAACCTCCAACTT and 
of ACTIN-beta were GGCATCGTGATGGACTCCG and GCTGGAAGGTGGACAGCGA. 
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Quantitative methylation-specific PCR (qMSP) 

Bisulfite-treated DNA was amplified using CT-GABRA3 or BT-GABRA3 
promoter specific primers. A non-methylation-specific PCR was first performed 
and a quantitative methylation-specific PCR was subsequently performed on it. 
The primers used for the primary amplification of CT-GABRA3 are 
TYGATTTTTATTTAGGTAGAATTT and TAAAATAATAACRACCCAACCTAA (55°C of 
annealing during 36 cycles) and of BT-GABRA3 are 
CCCCAATATCTCCCTACTCAAAT and AGTGGTGAATTTAAAGTTAGTAAAGG (60°C 
of annealing during 36 cycles). Primers GTTGAGGGAGGATTGAGGC with 
CTACGAAATAACCCAAACCCG and GTTGAGGGAGGATTGAGGT with 
CTACAAAATAACCCAAACCCA are used to quantitatively amplify the methylated 
and unmethylated forms of CT-GABRA3 promoter respectively. Similarly, primers 
AGCGAGAGAGCGTGAGCGC with TCTCTCCTAATCCCTCTCTCG and 
AGTGAGAGAGTGTGAGTGT with TCTCTCCTAATCCCTCTCTCA are used to 
quantitatively amplify the methylated and unmethylated forms of BT-GABRA3 
respectively. 

Relative methylation level was calculated by the ratio of copies of 
methylated (MSM) or unmethylated (MSU) on the total of the copies of 
methylated and unmethylated region (MSM+MSU) multiplied by 100.  
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As already mentioned, cancer cells display profound epigenetic 
alterations with local hypermethylation and global hypomethylation of DNA 
methylation. Through the study of the GABRA3 locus we tried to extend our 
knowledge about the causes and consequences of these two types of epigenetic 
alterations.  

One effect of DNA hypomethylation could be the activation of genes 
with oncogenic function. In cancer cells, loss of DNA methylation leads to the 
activation of a small group of genes called “cancer-germline” (CG). As we 
observed for CT-GABRA3, some of these CG genes appear to have oncogenic 
functions in cancer. In the case of CT-GABRA3, the oncogenic function is 
mediated through the synthesis of two microRNAs: one (miR-105) that 
participates to metastasis, and the other (miR-767) that impacts on epigenetic 
processes.  

During the study of the GABRA3 locus, we noted a striking correlation 
between DNA hypomethylation of the CT-GABRA3 promoter and DNA 
hypermethylation of the BT-BABRA3 promoter. This observation suggests an 
epigenetic crosstalk between these two promoters.  

The following discussion summarizes the results obtained during the 
thesis and develops the possible additional functions of miR-105 and miR-767. 
Moreover, mechanisms leading to the hypermethylation of the BT-GABRA3 
promoter and the potential role of CT-GABRA3 transcription in this mechanism 
will also be discussed. 
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A) Roles of CG miRNAs in tumor 

1 Functions of miR-105 and miR-767 in cancer 

One role of miR-105 in tumorigenesis has already been identified, as 
Zhou et al. (Zhou et al. 2014) reported that miR-105 exerts an oncogenic 
function by promoting metastasis. The authors showed that overexpression of 
miR-105 in non-metastatic breast cancer cells induces metastasis in distant 
organs and vascular permeability in vivo. MiR-105 seems to exert its function by 
repressing the tight-junction protein 1 (TJP1). Exosome-mediated transfer of 
cancer-secreted miR-105 in endothelial cells disrupts the endothelial barrier. 
Besides its role in metastasis, miR-105 has been described as a tumor suppressor 
microRNA through inhibition of cell proliferation in ovarian, prostate and liver 
cancer (Sirotkin et al. 2010; Honeywell et al. 2013; Shen et al. 2014). In 
hepatocellular carcinoma (HCC) cells, miR-105 overexpression experiments in a 
xenograft mouse model showed a decrease of tumor size whereas an increase of 
tumor size could be observed when miR-105 is inhibited (Shen et al. 2014). The 
authors suggest that the effect of miR-105 on cell proliferation would be 
mediated by an inhibition of the PI3K/Akt signaling pathway. Careful 
examination of transcriptiomic data indicate, however, that GABRA3 transcripts 
(and therefore miR-105) are not present in normal liver tissues. This is of course 
incompatible with a role of miR-105 as a tumor suppressor. Nevertheless, it 
cannot be excluded that miR-105 can be bivalent, and that its function might 
depend on tumor-type.  

Whereas the putative function of miR-105 is known, the function of miR-
767 has never been studied except in our lab (Loriot et al. 2014). Mir-767 
overexpression and inhibition studies revealed that miR-767 induces repression 
of the TET DNA demethylase. Overexpression of miR-767 also led to decreased 
levels of 5hmC, the oxidative product of TET enzymes. In this manner, DNA 
demethylation could lead to downregulation of TETs and induce subsequent 
epigenetic remodeling events. Downregulation of TET by miR-767 may facilitate 
DNA hypermethylation at specific gene promoters. This effect could also affect 
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the BT-GABRA3 promoter and could potentially explain the hypermethytion of 
this region when CT-GABRA3 is expressed.  

TET enzymes are described as tumor suppressor genes through their 
effect on cell differentiation and invasion. The synergic expression of miR-105 
and miR-767 could participate to tumor progression by enhancing metastasis, 
but further investigations are needed. It is known that miRNAs target multiple 
mRNAs, and that they might have more than one function. Thus, it is likely that 
miR-105 and miR-767 exert additional functions. 

2 Research of additional functions? 

Until now, miR-105 and miR-767 functions were studied independently 
from each other, although they are always co-expressed. To investigate a 
possible synergic function of miR-105 and miR-767, we developed a conditional 
knockout (cKO) model for these two miRNAs. This model consists in the addition 
of loxP sites on each side of the miR-105/767 locus in the HT1080 fibrosarcoma 
cell line. Transfection of these cells with a Cre recombinase combined with a 
fluorescent protein, and subsequent fluorescent cell sorting induces loss of miR-
105 and miR-767 with 94% efficiency. The construction of this model by the 
CRISPR/Cas9 technique paired with homologous recombination resulted in the 
publication of a technical article (Van Tongelen et al. 2015) & (Annex 1). With this 
model we investigated the role of miR-105 and miR-767 on cell proliferation, 
migration and anchorage-independent growth. These functional tests showed 
that inhibition of these two miRNAs in HT1080 cells does not result in detectable 
phenotype modifications. Besides, we did not detect an effect on the expression 
of the respective targets TJP1 and TET1 either. The weak initial expression level 
of miR-105 and miR-767 in HT1080 could explain the results we obtained. 
Moreover, this cell line derives from another tumor type than those where the 
functions of these miRNAs were investigated (melanoma, breast, and lung 
cancer). The impact of miR-105 and miR-767 could vary according to tumor-
type.  

To better investigate the function of miR-105 and miR-767, a miR-
105/767 cKO model should be tested in other melanoma or lung cancer cell 
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lines. We tried to carry out conditional KO (cKO) in lung carcinoma and 
melanoma cell lines. However, we did not succeed to create a cKO in these cell 
lines. 

 

3 Possible effect on tumor microenvironment? 

Studies on miR-105 and other miRNAs, such as miR-210, revealed that 
their function involves a crosstalk between cancer cells and stromal cells (Kosaka 
et al. 2013; Zhou et al. 2014). We can imagine that a similar action could also be 
extended to miR-767. The intercellular communication processes between 
stromal cells and cancer cells can be mediated by exosomes, which are small 
vesicles secreted by eukaryotic cells into the extracellular environment. Some 
experiments in the lab allowed us to confirm that not only miR-105, but also 
miR-767, is present in exosomes emanating from tumor cells that express both 
miRNAs. Via exosomes, miR-105 and miR-767 could deregulate the function of 
stromal cells, such as endothelial cells, fibroblasts or lymphocytes. Cancer-
associated fibroblasts (CAF) are a subpopulation of fibroblasts that reside within 
the tumor microenvironment, and act as critical actors to support tumor growth 
(Kalluri and Zeisberg 2006; Franco et al. 2010; Pietras and Ostman 2010). DNA 
methylation alterations were reported in these cells, including widespread DNA 
hypomethylation (Jiang et al. 2008) with concomitant focal gains of DNA 
methylation compared to normal fibroblasts. The hypermethylation of certain 
genes in CAF has been associated with gene repression and the pro-invasive 
phenotype of CAF (Albrengues et al. 2015; Vizoso et al. 2015). If downregulation 
of TET activity is responsible for DNA hypermethylation of certain genes 
(Thienpont et al. 2016), the presence of miR-767 and the subsequent 
downregulation of TET could participate in the DNA hypermethylation process 
in CAF. According to this hypothesis, co-culture experiments of fibroblasts and 
tumor cells expressing miR-767 might show an increase of DNA methylation of 
specific genes in fibroblasts, and promote their transformation into CAFs.  
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4 Additional miR-105 and miR-767 targets? 

The physiological role of miRNAs can be investigated through the 
cellular pathway in which they are involved. They can also be determined by 
their specific targeted genes. Indeed, one of the ongoing projects in the lab aims 
at investigating other genes targeted by miR-105 and miR-767. In order to do 
this, a multistep procedure has been carried out. First, a list of potential target 
genes was generated using prediction algorithms. Secondly, RNA sequencing 
data of melanoma cell lines was used to identify among the predicted target 
genes those whose expression is inversely correlated with the expression of 
GABRA3. Validation and functional characterization of selected candidate genes 
are underway. 

5 Additional cancer-germline miRNAs? 

The initial objective of the thesis was to search for miRNAs with cancer-
germline (CG) characteristics, and to test whether they have oncogenic 
functions. In the first article of this thesis (Loriot et al. 2014), we identified miR-
105 and miR-767 as CG miRNAs with potential oncogenic functions. These 
miRNAs are located in the newly identified CG gene CT-GABRA3. Other 
intragenic miRNAs could be located in known CG genes. However, through an 
analysis of RNA-seq databases, we did not identify any other miRNA in a known 
GC gene. The study of the GABRA3 locus revealed that some loci not referenced 
as CG genes could nevertheless harbor alternative transcripts with a CG pattern 
of expression. By crossing data from RNA-seq and transcription start site (TSS) 
sequencing, new CG genes from alternative transcripts could be identified, and 
we could detect new CG miRNAs in these CG genes.  

CG-miRNAs could also exist outside of gene units. Such type of 
intergenic CG miRNA was recently identified (miR-888), and its expression was 
shown to correlate with aggressiveness of endometrial cancers (Hovey et al. 
2015). The authors identified the gene encoding the progesterone receptor (PR) 
as a direct target of miR-888. Consistently, PR has been described as a potent 
suppressor of endometrial tumor.  
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6 What about the GABRA3 protein? 

The presence of GABRA3 transcripts have been previously associated 
with poor survival in breast and lung cancer patients (Lu et al. 2006; Liu et al. 
2009; Zhang et al. 2013; Gumireddy et al. 2016; Liu et al. 2016). The studies, 
however, did not permit to distinguish between CT-GABRA3 and BT-GABRA3 
transcripts. It is therefore unclear whether this correlation should be ascribed to 
the presence of the GABRA3 protein, which is solely produced from BT-GABRA3 
mRNAs, or to that of miRNAs, which are generated from both CT- and BT-GABRA3 
transcripts.  

Very recent studies demonstrated that the GABRA3 protein promotes 
metastasis by increasing the expression of matrix metalloproteinases (MMPs) via 
the AKT pathway in lung and breast cancer (Gumireddy et al. 2016; Liu et al. 
2016). MMPs are secreted proteins that are able to degrade extracellular matrix 
(ECM) proteins such as collagen, but also proteins involved in cell-cell junctions. 
Their upregulation in cancer is associated with pro-metastatic functions 
(Stamenkovic 2000; Deryugina and Quigley 2006). It is therefore possible that 
the oncogenic function of the GABRA3 locus results from a synergic action of 
miR-105, miR-767 and the GABRA3 protein.  

Expression analysis of the different variants of GABRA3 indicates that in 
melanoma and lung cancer, it is predominantly the CT-GABRA3 transcript that is 
activated rather than BT-GABRA3 (Loriot et al. 2014). Therefore we suggest that 
in melanoma and lung cancer, the oncogenic function of the GABRA3 locus is 
primarily mediated by the two miRNAs.   
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B) An inverse correlation between methylation of CT-GABRA3 
and BT-GABRA3 promoters in tumors. 

 In normal somatic cells, the CT-GABRA3 (upstream) promoter is 
methylated while the BT-GABRA3 (downstream) promoter is unmethylated. 
Intriguingly, we observed that in cancer cells, hypomethylation of CT-GABRA3 is 
often associated with hypermethylation of BT-GABRA3. This observation reveals 
a new potential link between the process of DNA hypomethylation and DNA 
hypermethylation in tumors, which have until now been described as the result 
of independent mechanisms. 

We showed that hypomethylation of the CT-GABRA3 promoter is 
associated with its transcription in tumors. Therefore, we can suppose that BT-
GABRA3 hypermethylation is linked with CT-GABRA3 transcription. By our 
observations, we might have discovered a new mechanism that induces DNA 
hypermethylation in cancer and potentially in normal tissues.  

In silico analyses indicated that CT-GABRA3 activation is associated with 
deposition of the histone mark H3K36me3 all over the transcribed region, which 
includes the BT-GABRA3 promoter. As several studies demonstrated a link 
between H3K36me3 and de novo DNA methylation (Dhayalan et al. 2010; Hahn 
et al. 2011; Baubec et al. 2015), we suggest that the mechanism directing DNA 
methylation in the BT-GABRA3 promoter involves a process of transcriptional 
overlap. 

 Overlapping transcription can induce SETD2-mediated establishment of 
H3K36me3 histone modification on the overlapped promoter and reduce the 
recruitment of transcription factors (van Werven et al. 2012). This epigenetic 
mark is also known to recruit DNMT3A/B which causes de novo DNA methylation 
in the bodies of transcribed genes (Dhayalan et al. 2010; Baubec et al. 2015). 
According to this observation the deposition of the H3K36me3 histone mark on 
the entire CT-GABRA3 transcribed region, which includes BT-GABRA3 promoter, 
might recruit DNMT3A/B along the transcribed region and their recruitment 
would promote the hypermethylation of the region. To summarize, we suggest 
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that the hypermethylation of BT-GABRA3 could be orchestrated by the 
interaction between RNA Pol II, the histone methyltransferase SETD2 and 
DNMT3s (Figure 16).  

 

 

Figure 16: Proposed mechanism of activation of CT-GABRA3 by hypomethylation which 
creates a methylation-dependent chromatin environment on the downstream BT-GABRA3 
promoter. Top panel: In normal somatic cells, CT-GABRA3 and BT-GABRA3 transcripts are both 
silenced. CT-GABRA3 displays hypermethylated promoter and BT-GABRA3 displays a non 
methylated promoter. Lower panel: In cancer, DNA hypomethylation induces CT-GABRA3 
transcription through the promoter of BT-GABRA3 resulting in BT-GABRA3 promoter 
hypermethylation. Probably, during the transcription of CT-GABRA3, the interaction between RNA 
PolII and SETD2 methyltransferase induces tri-methylation of H3K36. Then, H3K36me3 would 
attract DNA methyltransferases (DNMT3), which would induce DNA hypermethylation. 

We could however imagine another hypothesis based on a possible 
recruitment of H3K36 histone-methyltransferase by the CT-GABRA3 transcript. It 
is well known that lncRNA can induce hypermethylation in cis.  The best example 
is the Xist lncRNA which promotes the silencing of the whole X chromosome. 
This RNA is able to interact with polycomb protein complexes which leads to 
chromatin rearrangement, DNA hypermethylation and exclusion of the 
transcription machinery (Wutz 2011).  

These correlation-based evidences have however to be validated by 
further in vitro experiments. For instance, in cell lines treated with 5-azadC, we 
would expect to see CT-GABRA3 activation together with H3K36me3 deposition 
and DNA hypermethylation within the BT-GABRA3 promoter.  
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7 Overlapping transcription and promoter methylation 

Several examples of promoter hypermethylation subsequent to 
transcriptional overlap have already been described in the context of human 
diseases. First, in α-thalassemia patients, the LUC7L/HBA2 locus undergoes 
chromosomal deletion (Figure 17A). In healthy cells, these two genes are 
expressed in an opposed direction, but do not overlap thanks to the presence of 
a transcriptional stop (polyadenylation) signal. In α-thalassemia patients, a 
chromosomal deletion of LUC7L transcriptional stop signal causes transcription 
of LUC7L gene to proceed further through the promoter of HBA2. This causes 
DNA hypermethylation and silencing of HBA2 promoter. The mechanism 
leading to promoter hypermethylation remains unknown (Tufarelli et al. 2003; 
Kornienko et al. 2013). A second example is illustrated by a chromosomal 
deletion in a subset of Lynch syndrome patients (Figure 17B). In these patients, 
DNA methylation and inactivation of the MSH2 (mutS homolog 2) gene correlate 
with transcriptional expression from the neighboring EPCAM gene when the 
transcription stop signal is deleted (Ligtenberg et al. 2009). The deletion that 
targets only one of the two alleles, leads to DNA hypermethylation of the 
corresponding allele. Therefore, even if the mechanism is unknown, it seems 
that it depends on the process of transcription in cis rather than the 
transcriptional product. These two examples illustrate how transcriptional 
overlap can contribute to aberrant promoter methylation in disease.  
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Figure 17: Mechanisms described in the literature showing a hypermethylation event 
associated with aberrant transcriptional overlap. (A) In normal cells, LUC7L and HBA2 are both 
expressed, do not overlap and display hypomethylated promoters. In α-thalassemia patients, 
chromosomal deletion of the LUC7L transcriptional stop signal causes transcription through the 
promoter of HBA2. This aberrant transcription causes DNA methylation and silencing of HBA2 
promoter. (B) In healthy human, EPCAM and MSH2 are both expressed, do not overlap and display 
hypomethylated promoters. In Lynch syndrome, chromosomal deletion of the EPCAM stop signal 
induces transcription through the promoter of MSH2. This aberrant transcription causes DNA 
hypermethylation and silencing of MSH2 promoter.  

Transcriptional overlap is also an essential component for the 
establishment of DNA methylation in imprinted regions during germline 
development (Smallwood and Kelsey 2012). Supporting evidence for this 
concept was provided by the observation that truncating transcription from an 
upstream oocyte-specific promoter of the Gnas locus causes loss of germline 
methylation at the downstream maternal germline gDMR (Chotalia et al. 2009).  

 



DISCUSSION 
 

135 

8 Is transcriptional overlap a general cause of DNA hypermethylation in 
cancer? 

Among the epigenetic alteration associated with tumor development, 
DNA hypermethylation is the most studied. It was shown indeed that this 
epigenetic alteration affects on average a few hundred genes in a tumor (Rauch 
et al. 2008), and that several among these genes have a tumor suppressor 
function (Esteller 2008). DNA hypermethylation has therefore a well-established 
pro-tumoral role. Based on this finding, epigenetic cancer therapies aimed at re-
activating hypermethylated tumor suppressor genes are being developed. 
These are essentially based on inhibitors of DNA methyltransferases (mainly 
DNMT1). Nevertheless, points of concern remain regarding the efficacy and 
especially the specificity of this type of treatment (Juo et al. 2015). It is obvious 
that improvements in this therapeutic approach will necessitate a more precise 
knowledge of the mechanisms that induce DNA hypermethylation in tumors.  

Two mechanisms have classically been proposed to explain the process 
of DNA hypermethylation in tumors. The first involves abnormal activation of 
transcriptional repressors, which induce hypermethylation of target promoters 
by favoring local recruitment of DNMTs (Di Croce et al. 2002). The second 
mechanism suggests that promoters that are initially tagged with the 
H3K27me3 histone modification, and therefore targeted by the polycomb 
repressor complex, constitute privileged chromatin regions for recruitment of 
DNMTs (Schlesinger et al. 2007). However, it can be estimated that these two 
mechanisms explain no more than half of the DNA hypermethylation events in 
tumors. It is therefore likely that other mechanisms of DNA hypermethylation 
exist.  

Our observations on the GABRA3 locus reveal a novel mechanism of 
epigenetic alteration in tumors, whereby DNA hypomethylation and 
hypermethylation are linked via a process of transcriptional overlap. It seems 
very likely that this novel mechanism takes place not only in the GABRA3 locus, 
but also in other parts of the cancer genome, and can contribute to epigenetic 
repression of genes with tumor suppressor function. Bioinformatic approaches 
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could be used to seek for other genes for which promoter hypermethylation in 
tumors results from an overlapping transcription induced by hypomethylation 
and activation of a neighboring gene. Computational investigation of cancer-
derived genomic datasets could take into account criteria such as: neighboring 
CpG islands showing opposite methylation changes; promoters with H3K36me3 
enrichment; CpG-rich promoter-derived transcripts.  

 

9 Epigenetic switch in the hypermethylated BT-GABRA3 promoter 

DNA hypermethylation of promoters in cancer cells is commonly 
considered to cause transcriptional silencing of corresponding genes. Recent 
evidence revealed however that many of the genes that become 
hypermethylated in tumors are already repressed in the original tissue 
(Schlesinger et al. 2007). This is the case for BT-GABRA3, which is repressed in 
most normal tissues, except brain and testis. It is therefore unlikely that 
hypermethylation of BT-GABRA3 serves to inhibit tumor suppressor functions.  

Interestingly, we observed that, in melanoma cell lines where the BT-
GABRA3 promoter is hypermethylated, BT-GABRA3 transcription is induced upon 
treatment with a DNA methylation inhibitor. In cells lacking BT-GABRA3 
hypermethylation, the gene appeared to be insensitive to DNA methylation 
inhibitors. This suggests that when CT-GABRA3 activation leads to the BT-
GABRA3 promoter hypermethylation, BT-GABRA3 undergoes an epigenetic 
switch whereby it becomes sensitive to DNA methylation (Figure 18).  
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Figure 18: Illustration of the epigenetic switch that BT-GABRA3 undergoes due to its 
hypermethylation induced by CT-GABRA3 transcription: conversion of the BT-GABRA3 promoter 
from a methylation-independent repression mechanism to a methylation-dependent one. 

In a few melanoma and lung tumor samples, expression of both CT-
GABRA3 and BT-GABRA3 transcripts is observed. We believe that this may be the 
result of a two-step process of DNA demethylation. The first demethylation 
phase would have induced CT-GABRA3 transcription, and consequently BT-
GABRA3 hypermethylation. Under this configuration, BT-GABRA3 would have 
undergone the epigenetic switch that renders it sensitive to DNA methylation. A 
second phase of demethylation would therefore have led to BT-GABRA3 
activation.   

 

Figure 19: Epigenetic switch and consequences of successive DNA demethylation 
episodes. 
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10 What are the potential mechanisms responsible for the epigenetic 
switch? 

We propose that BT-GABRA3 promoter could be initially repressed by 
transcriptional repressors, and that binding of these repressors would be lost 
when the promoter becomes hypermethylated. The hypermethylated BT-
GABRA3 would therefore switch to a purely DNA methylation-dependent 
mechanism of regulation.  

Since BT-GABRA3 is specifically expressed in brain, repression in the 
other normal somatic tissues could rely on the transcriptional repressor complex 
REST/coREST, which is involved in the repression of neuronal genes in non-
neuronal cells (Coulson 2005). As REST establishes transcriptional repression by 
the deposition of histone repressive marks such as H3K9me3 (Gal-Yam et al. 
2008), it should be interesting to check the epigenetic landscape of the BT-
GABRA3 promoter in normal brain tissues.  

When BT-GABRA3 is transcribed, as in testis, CT-GABRA3 transcription 
does not induce BT-GABRA3 hypermethylation and silencing. This suggests that 
the actively transcribed BT-GABRA3 promoter is protected from DNA 
hypermethylation (Figure 20). It has been reported that distribution of the 
histone mark H3K4me3 on the genome is inversely correlated with that of DNA 
methylation (Meissner et al. 2008), H3K4me3 inhibits DNMT activity by impairing 
the binding of DNMT3L (Ooi et al. 2007; Illingworth and Bird 2009). Protection of 
the active BT-GABRA3 promoter could also rely on the presence of transcription–
initiation machinery including Pol II, and transcription factors (Gebhard et al. 
2010). Besides passive protection, the unmethylated state of BT-GABRA3 could 
also be maintained by the presence of demethylating enzymes (TET), which 
would remove unwanted DNA methylation (Takeshima et al. 2009).  
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Figure 20: Potential hypermethylation-protection mechanisms of the transcriptionally active 
BT-GABRA3 promoter. (A) BT-GABRA3 can be methylated by DNMT3 but the aberrant methylation is 
oxidized and replaced by unmethylated cytosine due to the presence of TET demethylating enzymes on 
the BT-GABRA3 promoter. (B) The basal transcriptional machinery (RNA PolII and TF) and histone 
H3K4me3 exclude the DNMTs from the BT-GABRA3 transcription start site. 
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Abstract 

Studying the cellular function of microRNAs requires genetic strategies 
to generate their loss-of-function. Recently, a novel approach of targeted 
genomic deletion was proposed, which is based on induction of site-specific 
DNA cuts with Cas9/gRNA ribonucleoprotein complexes, combined with 
homologous recombination-dependent insertion of cassettes that contain 
sequences for Cre-lox or FLP-FRT systems. Here, we provide a technical report 
describing application of this CRISPR/Cas9-directed homologous recombination 
procedure to the generation of human tumor cells in which conditional 
knockout of an X-linked cluster of microRNAs (miR-105/miR-767) can be 
induced. We describe the successive steps of genetic engineering and cell clone 
selection that allowed us to generate cells with the expected genome editing. 

Introduction 

MicroRNAs (miRNAs) are small noncoding RNAs that exert important 
cellular functions by repressing post-transcriptional gene expression through 
binding to target mRNAs [1]. More than 60% of all human genes are predicted to 
be regulated by a total of over 2.000 mature miRNAs. Some miRNAs are 
expressed in virtually all cell types, whereas others are highly tissue-specific with 
a distinct function depending on cell type or organ. miRNAs play key roles in 
most biological processes, including cell division and death, cellular metabolism, 
intracellular signaling, immunity and cell movement. Not surprisingly, 
disregulation of miRNA expression has been functionally linked to various 
pathological and occasionally malignant outcomes [2]. Specific miRNA 
expression patterns, which have been associated with particular diseases, hold 
great prognostic value. In cancer, oncogenic miRNAs as well as tumor 
suppressor miRNAs have been identified, and therapeutic strategies directed 
against such cancer-related miRNA are being considered [3,4]. 

The physiological roles of most miRNAs still need to be deciphered. 
Therefore, tools allowing manipulation of miRNA activity are required. Gain-of-
function by over-expression of the miRNA is relatively easy, and can be achieved 
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by transfection of synthetic microRNAs or by enforcing expression of primary 
miRNA transcripts [5,6]. Loss of- function analyses are less obvious. miRNA 

inhibitors based on synthetic antisense molecules or miRNA sponges, which act 
by binding and sequestering miRNAs away from their natural targets, are 
available [7]. However, such inhibitors have some disadvantages, including 
incomplete masking of miRNA function, and uncontrolled off-target effects. 

Genome engineering is a powerful tool for dissecting biological 
mechanisms. The Clustered, Regularly Interspaced, Short Palindromic Repeats 
(CRISPR) / CRISPR-associated protein 9 (Cas9) system provides a rapid and 
efficient technology for targeted genome editing. In association with a 
specifically designed guide RNA (gRNA), Cas9 can achieve site-specific DNA 
recognition and cleavage [8]. A constraint in this genome editing process is the 
compulsory presence of a Protospacer Adjacent Motif (PAM) sequence near the 
Cas9 cleavage site. In most cases, the site-specific DNA double-strand breaks 
(DSB) induced by Cas9 triggers a non-homologous end-joining (NHEJ) process of 

DNA repair, leading to small insertions or deletion in the nucleotidic sequence. 
This procedure is therefore exploited to generate loss-of-function of protein 
coding genes, via alteration of the open reading frame. Short miRNAs are less 
amenable to this editing process, as many of them do not carry the required 
PAM motif within their sequence. 

An alternative use of the CRISPR/Cas9 technology, which would be 
better adapted to manipulate miRNAs, has been proposed. In this setting, Cas9 
cleavages are used to direct homologous recombinationdependent insertion of 
cassettes that contain LoxP or FRT sequences up- and downstream of the miRNA 
locus, thereby allowing subsequent deletion of the embedded sequence upon 
expression of Cre or FLP recombinases. This procedure requires that template 
DNA sequences with homologous arms are provided to the cells, in order to 
stimulate homology-directed repair (HDR) of the Cas9-iduced DSB [9]. Examples 
where this technology was used to delete a miRNA locus remain however scarce 
[10,11]. Here, we report successful application of this procedure to the 
generation of human tumor cells in which a miRNA locus can be conditionally 
deleted. The locus targeted in our study corresponds to an X-linked cluster of 
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two miRNAs (miR-105 and miR-767), which were recently shown to display 
aberrant activation in wide variety of tumors, and to exert oncogenic potential 
[12,13]. 

Results and discussion 

General strategy for the generation of cells with conditional knockout of 
MIR105/767 

The general strategy to obtain cells where the X-linked MIR105/767 locus 
can be conditionally deleted is described in Figure 1 and each step is described 
in details below. In brief, the procedure involved successive steps of 
CRISPR/cas9-directed homologous recombination to permit integration of 
neomycin-loxP/FRT cassettes 3’ and 5’ to the MIR105/767 genomic locus, as well 
as exposure of cells to Cre and FLP (Flippase) recombinases to leave only single 
loxP sites on both sides. At each step of the procedure, a cell clone with the 
appropriate integration/ recombination was selected, and used for the 
subsequent step. 
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Figure 1: Schematic draw depicting the strategy used for generation of a cell line with a 
“floxed” MIR105/767 locus. The MIR105/767 locus comprises two pre-microRNA 
sequences (MIR105-1 and MIR105-2) for miR-105 and one (MIR767) for miR-767, 
represented by blue boxes. Refer to the text for detailed explanation on the targeting 
vectors, and the successive steps of cell transfection and clone selection. 
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Selection of efficient single guide RNAs (sgRNAs) 

Targeting of the Cas9 nuclease to a specific site on the genome is 
commonly achieved through its association with a chimeric RNA construct, 
termed single guide RNA (sgRNA). The sgRNA includes the tracrRNA sequence, 
which allows association of the RNA molecule with the Cas9 enzyme, and the 
spacer sequence, which binds the genomic target by nucleotide 
complementarity. Not all sgRNAs are equally efficient. The first step to achieve 
our construction was therefore to test different sgRNAs, and to select those that 
stimulate site-specific cleavage by Cas9 with the highest efficiency (Figure 2). 
Using a spacer RNA design algorithm (http://crispr.mit.edu), we designed four 
sgRNAs for each side of the MIR105/767 locus. The corresponding sequences 
were inserted in the pX330-U6-Chimeric_BB-CBh-hSpCas9 vector, which also 
carries a human codon-optimized Cas9 coding sequence. These different 
Cas9/sgRNA vectors were then transfected into HT1080 cells, generating DSBs at 
precise sgRNA targeted sites. The error-prone NHEJ process results in the 
formation of mutation or small insertions or deletion. Genomic DNA was 
collected from transfectants after three days. DNA cleavage efficiency was 
evaluated by mutation detection assay using the Surveyor® Mutation Detection 
kit. Thus, DNA fragments carrying the expected cleavage site were amplified by 
PCR. Amplicons were denatured by heat, and then allowed the re-anneal slowly. 
They were then exposed to the Surveyor nuclease, which cuts heteroduplexes 
but not homoduplexes of DNA. Nuclease-treated DNA fragments were 
electrophoresed in an agarose gel, and the cleavage efficiency was evaluated by 
calculating the ratio between the cleaved and uncleaved band (percentage of 
indel). Using this method, we identified the sgRNAs that directed the most 
efficient Cas9-mediated cleavage either 5’ (sgRNA1, 9.3% indel) or 3’ (sgRNA8, 
12.9% indel) to the MIR105/767 locus (Figure 2). 
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Figure 2: Surveyor assay comparing the cleavage efficiency induced by eight different 
sgRNAs at corresponding DNA regions. On the top panel, the schematic draw depicts 
localisation of each sgRNA on the MIR105/767locus, as well as the position of primers 
used for PCR amplification prior to the Surveyor nuclease treatment. Sizes of initial 
(uncleaved) PCR products are also given. Transfections with each of the Cas9/sgRNA 
vectors (sgRNA1 to -8) were performed in HT1080 cells, and DNA was extracted from 
transfectants 3 days later. DNA samples were submitted to PCR amplification with 
indicated primers, and then exposed to Surveyor nuclease. Resulting DNA products were 
analyzed by gel electrophoresis. Presence of DNA fragments with a size lower than the 
original PCR product indicates efficient sgRNA-directed cleavage. The ratio between the 
intensity of the lower band and that of the starting PCR band provides a measurement 
of cleavage efficiency (% indel).  

 

CRISPR/Cas9 mediated integration of a Neo-2loxP/2FRT cassette 5’ to the 
MIR105/767 locus 

In order to direct homologous recombination towards the sgRNA1- 
induced Cas9 cleavage site, a vector (pEZ-FRT-lox-5’) was constructed in which 
left and right homology arms were inserted on each side of a neomycin 
resistance cassette (Neo) flanked by two loxP and FRT sites (Neo-2loxP/2FRT; 
Figure 3). The left homology arm (LHA5’, 306bp) and the right homology arm 
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(RHA5’, 692bp) corresponded to genomic sequences located upstream and 
downstream the Cas9/sgRNA1 cutting site, respectively. 

We transfected Cas9/sgRNA1 and pEZ-FRT-lox-5’ vectors in six different 
human cell lines: embryonic kidney cells (HEK293), two melanoma cell lines 
(Mi13443 and LB2201-MEL), two lung carcinoma cell lines (GLCP1 and SKMES1), 
and a fibrosarcoma cell line (HT1080). We selected cells of male origin, as these 
contain only one X chromosome. Following transfection, cells were selected for 
two weeks in neomycin-containing medium, and part of the resistant 
populations was harvested for DNA extraction. Integration of the Neo-
2loxP/2FRT cassette was assessed by PCR amplification with one primer 
matching a genomic sequence upstream of the LHA5’ and another primer 
corresponding to a sequence within the cassette. Of the six transfected cell lines, 
only three (HT1080, GLCP1 and SK-MES1) showed evidence of integration of the 
Neo-2loxP/2FRT cassette (Figure 3). 

 

Figure 3: PCR screening for insertion of Neo-2loxP/2FRTcassette in six cell lines 
transfected with pX330-sgRNA1 and pEZ-FRT-lox-5’ vectors. Following transfection, 
indicated cell lines were submitted to 2 weeks neomycin selection, and their genomic 
DNA was harvested for PCR analyses. The upper panel depicts the annealing sites of the 
PCR primers used to test integration of the Neo-2loxP/2FRTcassette (PCR A). One primer 
is located in the genomic region outside of the left homology arm (LHA5’) and the other 
primer is located in the inserted sequence. Gel electrophoresis shows PCR amplification 
products obtained with primers for PCR A, and for the PCBD2, a gene located on 
chromosome 5 used as positive control.  
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We decided to derive clones from the transfected HT1080 cell 
population, in order to isolate clones harboring the appropriate integration 
event. Out of 113 clones, 4 showed integration of the Neo-2loxP/2FRT, as 
evidenced by positive signals following PCR amplification with appropriate 
primers (Figure 4). Following verification of PCR products by sequencing, only 
clones #72, #76 and #83 showed perfect recombination. The remaining clone 
(#29) showed deletions in the intersection between homology arms and the 
cassette sequence. Overall, we observed a 2.5% (3/113) efficiency of 
homologous recombination directed by CRISPR/Cas9 towards the 5’ side of the 
MIR105/767 locus in HT1080 cells. Clone HT1080#72 was selected for the 
subsequent steps. 
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Figure 4: PCR screening for Neo-2loxP/2FRTcassette insertion in HT1080 cell clones. 
Following transfection with pX330-sgRNA1 and pEZ-FRT-lox-5’ vectors, HT1080 cells 
were selected in neomycin, and 140 cell clones were derived. Their DNA was submitted 
to PCR analyses. The picture above depicts the annealing sites of the PCR primers used 
for screening clones with effective homologous integration of the Neo-2loxP/2FRT 
cassette. PCR A (600bp) and PCR B (956bp) have both one primer located in genomic 
DNA outside the homology arms, and another primer located in the donor vector 
sequence. Recombinant clones are expected to produce a signal with both PCRs. PCR 
amplification of PCBD2 served as control. According to PCBD2 amplification, only 113 of 
these were analyzable. Control samples included the total population of HT1080 cells 
transfected withpX330-sgRNA1/pEZ-FRT-lox-5’ (HT1080 sgRNA1), untransfected HT1080 
cells, salmon sperm DNA (DSS), and water.  

 

Cre recombinase-mediated removal of the 5’ cassette 

In order to obtain cells where the Neo-2loxP/2FRT cassette was removed 
and only one loxP sequence remained 5’ to the MIR105/767 locus, HT1080#72 
cells were transiently transfected with a vectors encoding Cre recombinase 
(CMV-Cre). Sub-clones were isolated, and screened for effective loxP 
recombination by PCR amplification with primers matching sequences in LHA5’ 
and RHA5’ homology arms (Figure 5). Out of five tested clones, two clones (#72.2 
and #72.3) showed effective recombination. We chose clone HT1080 #72.2 for 
the subsequent steps aiming at introducing a second loxP site 3’ to the 
MIR105/767 locus. 

 

Figure 5: PCR screening for Cre-induced loxP recombination at the 5’ cassette. The 
schematic draw depicts the annealing sites of the PCR C primers used to detect “floxing” 
of the 5’ cassette. The PCR product is expected at a size of 408bp in case of appropriate 
loxP recombination (1888bp in non-recombinant cells). PCR in naïve cells is expected to 
yield a 355bp product. Five clones isolated from the CMV-Cre-transfected HT1080#72 
cell population were tested. Control samples included untransfected HT1080 cells, 
salmon sperm DNA (DSS), and water. 
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CRISPR/Cas9-directed integration of a Neo-1LoxP/2FRT cassette 3’ to the 
MIR105/767 locus 

In HT1080#72.2 cells, we next performed directed integration of a Neo-
1loxP/2FRT cassette towards the sgRNA8-induced Cas9 cleavage site, located on 
the 3’ side of the MIR105/767 locus. To this end, we constructed a vector (pEZ-
FRT-lox-3’) in which left and right homology arms were inserted on each side of 
the Neo-1loxP/2FRT cassette (Figure 6). The left homology arm (LHA3’, 774bp) 
and the right homology arm (RHA3’, 692bp) corresponded to genomic 
sequences located upstream and downstream of the Cas9/sgRNA8 cutting site, 
respectively. Restriction sites used for insertion of the RHA3’ into the vector were 
chosen in order to delete the neighboring loxP site. 

HT1080#72.2 cells were transfected with Cas9/sgRNA8 pEZFRT- lox-3’ 
vectors, and following neomycin selection, resistant clones were derived. These 
clones were screened for integration of the Neo-1loxP/2FRT cassette by PCR 
amplification on genomic DNA, using primer pairs matching either sequences 
within the cassette or genomic sequences outside of the homology regions 
(Figure 6). PCR signals of the expected size were detected in 4 out 33 tested 
clones, indicating that Cas9/sgRNA8-directed homologous recombination in 
HT1080#72.2 cells was obtained with an efficiency of 12,1%. Clone 
HT1080#72.2.25 was selected for the subsequent steps. 
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Figure 6: PCR screening for Neo-1loxP/2FRTcassette insertion 3’ to the MIR105/767locus 
in HT1080 cell clones. HT1080#72.2 cells, which had been transfected with pX330-
sgRNA8 and pEZ-FRT-lox-3’ vectors, were selected in neomycin and cloned. DNA from 40 
clones was tested for insertion of the Neo-1loxP/2FRTcassette insertion 3’ to the 
MIR105/767by PCR. The upper panel indicates the position of the primers and expected 
product size of the two PCR (D and E). PCR results for the PCBD2control sequence shows 
that only 33/44 clones were analyzable. Control samples included untransfected HT1080 
cells, and water. 

 

Flippase mediated deletion of the 3’ cassette 

We next aimed to delete the cassette integrated 3’ to the MIR105/767 
locus, but without removing the single loxP site. To this end, HT1080#72.2.25 
cells were transiently transfected with a vector encoding Flippase, which 
induces recombination between FRT sites. Following transfection, cellular clones 
were isolated, and screened for effective FRT recombination by PCR 
amplification with primers matching sequences in LHA3’ and RHA3’ homology 
arms (Figure 7). Out of 21 tested clones, 8 clones (38%) showed effective FRT 
recombination. Among these, clone HT1080 #72.2.25.9, in which the MIR105/767 
locus is now surrounded by two loxP sites, was chosen for subsequent analyses. 
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Figure 7: PCR screening for Flippase-induced FRTrecombination at the 3’ 
cassette.Clones were derived from HT1080#72.2.25 that had been transiently transfected 
with a Flippase-encoding vector. DNA was extracted from 21 clones, and analyzed by 
PCR to detect FRT recombination. The schematic draw depicts the annealing sites of the 
PCR primers used for the screening (PCR F), and the expected PCR product size in case of 
effective FRT recombination. Amplification of PCBD2served as positive control. Control 
samples included untransfected HT1080 cells, and water. 

 

Cre recombinase-mediated knockout of the MIR105/767 locus 

Since HT1080#72.2.25.9 cells contain loxP sequences on both sides of 
the MIR105/767 locus, their exposure to Cre recombinase is expected to induce 
deletion of the corresponding genomic region. To test this, HT1080#72.2.25.9 
cells were transiently transfected with the CMV-Cre vector. Previous experiments 
established a 40% efficiency of transfection in HT1080 cells, implying that only 
part of the transfected HT1080#72.2.25.9 will effectively express Cre 
recombinase. We therefore decided to verify successful deletion of the 
MIR105/767 locus in clones isolated from the CMV-Cre transfected 
HT1080#72.2.25.9 cell population. Following derivation of the clones, their DNA 
was extracted and submitted to PCR screening with three different pairs of 
primers allowing unambiguous determination of the presence or absence of the 
MIR105/767 locus (Figure 8). Among 24 tested clones, 7 clones (29%) showed 
effective deletion of the MIR105/767 locus (Figure 8). 
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Figure 8: PCR analysis of Cre-induced deletion of the MIR105/767locus. 
HT1080#72.2.25.9 were transiently transfected with either CMV-Cre or pTM945-Cre-IRES-
mCherry. CMV-Cre transfected cells were cloned, whereas pTM945-Cre-IRES-mCherry 
transfectants were sorted by FACS to isolate mCherry-expressing cells (Pop FACS Cre). A 
control population of cells was obtained after sorting cells that had been transfected 
with pTM945-mCherry (Pop FACS Ctrl). PCR screening was applied to cell clones (n=24) 
or sorted populations to detect deletion of the MIR105/767locus. Three PCR 
amplifications were performed (PCR 767, PCR 105, PCR G). The upper panel indicates the 
position of PCR primers, and expected sizes of PCR products (following deletion for PCR 
G). Control samples included untransfected HT1080 cells, and water. 

 

We next tried to facilitate the knockout procedure by avoiding the 
process of cellular cloning that followed CMV-Cre transfection. To this end, we 
replaced CMV-Cre with the pTM945-Cre-IRES-mCherry vector, which expresses 
both Cre recombinase and the mCherry fluorescent protein. Thus, 
HT1080#72.2.25.9 cells were transfected with pTM945-Cre-IRES-mCherry, and 
two days later cells with the highest level of fluorescence were selected by 
fluorescence-activated cell sorting (FACS) and reseeded. A control group, 
transfected with a similar vector lacking Cre recombinase (pTM945-mCherry), 
was treated in parallel. Genomic DNA was extracted from FACS sorted cells, and 
submitted to PCR screening with the above-mentioned primer pairs (Figure 8). 
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The results showed efficient enrichment of cells with MIR105/767 deletion, 
although a small proportion of non-recombined cells remained (Figure 8). We 
also analyzed the expression of miR-105 and miR-767 by RT-qPCR in FACS-sorted 
cells. The results confirmed marked loss of expression of these two miRNAs in 
Cre-exposed cells, as only 5,6% and 6% residual expression level was observed 
for miR-105 and miR-767, respectively (Figure 9). 

 

Figure 9: RT-qPCR expression analysis of miR-105 and miR-767 in FACS-sorted Cre-
induced HT1080#72.2.25.9 cells.RNA was extracted from Cherry-expressing (FACS-
sorted) HT1080#72.2.25.9 cells that had been previously transfected with either pTM945-
Cre-IRES-mCherry (Cre-mCherry) or pTM945-mCherry (Ctrl). RT-qPCR analyses were 
performed at 6 different time points (days 6 to 34) post-transfection. Expression levels 
are expressed relative to the level in Ctrl cells. 2 way ANOVA was used for statistical 
analysis (***, p<0,0001). 

 

Altogether, we described a genetic engineering strategy based on 
CRISPR/Cas9-directed homologous recombination, which allowed us to create a 
human tumor cell line in which the MIR105/767 locus can be conditionally 
deleted. Our data therefore confirm the feasibility of this strategy, and provide 
several guidelines concerning the experimental procedures. CRISPR/Cas9-
directed homologous recombination was found to occur with an expected 
efficiency (2.5% and 12.1% efficiency for the 5’ and 3’ position, respectively). One 
of the pitfalls of the CRISPR/ Cas9 technology is the presence of many off-target 
mutations induced by Cas9, which renders comparisons between genetically 
modified cells uncertain. This is however not a problem in our cellular model, as 
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comparisons will be made within the final clone (HT1080#72.2.25.9), between 
two cell groups that differ only for the presence or absence of the MIR105/767 
locus. 

 

Material and methods 

Cell culture and transfection 

HT1080, LB2201-MEL, Mi13443, SK-MES1, GLCP1 cell lines were cultured 
in Iscove’s modified Dulbecco’s medium (IMDM, Life Technologies) and HEK293 
cell line in 4,5 g/l D-glucose Dulbecco’s modified Eagle’s medium (DMEM, Life 
Technologies). All media were supplemented with 10% fetal bovine serum (FBS, 
Life Technologies) and contained 1x non-essential amino acids (Life 
Technologies) and 1x Penicillin/Streptomycin (Life Technologies). 

DNA transfection was performed in a T75 flasks, with 2 to 6 million cells, 
using Lipofectamine 2000® Reagent (Invitrogen). Five hours after transfection, 
the medium was replaced. The amount of transfected DNA was 5 μg of 
Cas9/sgRNAs vectors and 5 μg of donor pEZ-Frt-lox-5’ or pEZ-Frt-lox-3’ vectors. 
Prior to transfection, pEZFrt- lox-5’ vector was linearized 5’ to the left homology 
arm by digestion with the EcoRV restriction enzyme, and the pEZ-Frt-lox-3’ 
vector was digested by EcoRV and XhoI restriction enzymes. Transfectants were 
selected for 15 days in medium containing 0.8 to 2 mg/ml of geneticin, 
depending on the type of cells. Two weeks after transfection, integration of the 
donor DNA was tested by PCR amplification with primers encompassing the 
recombinant fragment on genomic DNA. Cell populations showing effective 
recombination were cloned by limiting dilutions. 

For Cre or FLP recombination, cells were transiently transfected using 
Lipofectamine 2000® Reagent (Invitrogen) in 6-well plates with 2 μg of CMV-Cre 
or pCAGGS-FLPe vectors, and cloned by limiting dilution 72h after transfection. 
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Plasmid design and construction 

The pX330-U6-Chimeric_BB-CHb-hSpCas9 vector (available at Addgene, 
and kindly provided by P. Coulie) was digested using Fast- Digest BbsI (Thermo 
Scientific) and double-stranded oligonucleotides corresponding to different 
spacer sequences were ligated with T4 DNA ligase (Thermo Scientific) 
generating different sgRNAs. Double-stranded oligonucleotides for spacer 
sequences were obtained by annealing pairs of complementary oligos 
(Eurogentec) composed of the spacer sequence flanked by adapter sequences 
(Forward: 5’-CAACG…-3’; Complement: 5’-AAAC…C-3’). Design of spacer 
sequences was based on CRISPR Design Tool of ZhangLab (http://crispr. mit.edu) 
generating: sgRNA1 5’ -TTTGTGTAATGGGATCGTTTGG; sgRNA2, 5’-
GGGGATAGATATGGTATCCCAGG; sgRNA3 5’-CAATCATTGTCTACTTGTACTGG; 
sgRNA4 5’-CTGCAACATGAGCTGATACCAGG; sgRNA5 5’- 
TGGTAGACTGAGCACGCGTAAGG; sgRNA6 5’- GGTCGTCTGATGTTATACCTTGG; 
sgRNA7 5’- AGGAATTCTTTCCCGTATTGTGG; sgRNA8 5’- 
TACGCGTGCTCAGTCTACCATGG. 

Donor vector constructions were performed on the basis of the pEZ-Frt-
lox-DT vector (Addgene). Left (LHA) and right (RHA) homology arms (~300 to 
~800 pb) were amplified by PrimeSTAR HS DNA Polymerase (Takara) from 
HT1080 genomic DNA using complementary primers flanked by restriction site 
sequence at the 5’ end. For the pEZ-Frt-lox-5’ vector, primers to amplify LHA 
were flanked with EcoRV and NotI sites (sense: 5-
attaGATATCtaggcatgtgttcatccgagga; reverse: 5’-
attaGCGGCCGCgatcccattacacaaactaacagc), and primers to amplify RHA were 
flanked with HindIII and XhoI sequences (sense: 5’-
attaAAGCTTgtttggatttatatcatgcccaaac; reverse: 5’-
attaCTCGAGgataccaggttatagggagtaga). For the pEZ-Frt-lox-3’ vector, primers to 
amplify LHA were flanked with EcoRV and NotI sites (sense: 5’-atta- 
GATATCgtgtatgtgcacaatgctcact; reverse: 5’-
attaGCGGCCGCccatggagaatgagccaatact), and primers to amplify RHA were 
flanked with SalI and XhoI sequences (sense: 5’- 
attaGTCGACtagactgagcacgcgtaaggaa; reverse: 5’-
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attaCTCGAGccatagactggtacttaccgaga). PCR products were digested with the 
appropriate restriction enzymes, and purified (QIAquick Gel Extraction Kit, 
Qiagen), prior to ligation with T4 DNA ligase (Thermo Scientific) into the pre-
digested vector. pEZ-Frt-lox-DT vector was pre-digested with EcoRV-NotI for the 
insertion of both LHA, and with HindIII-XhoI or SalI-XhoI for introduction of RHA 
to pEZFrt- lox-5’ or pEZ-Frt-lox-3’ vectors, respectively. All PCR products and final 
vectors were verified by DNA sequencing. 

DNA preparation and PCR 

Two weeks after cloning, HT1080 clones were removed from 96-well 
plates with 2 mM EDTA/PBS. Half of the cells were reseeded in 24-well plate and 
the other half was used for DNA extraction. Cells were placed in a lysis buffer 
composed by 10mM Tris pH8, 10 mM EDTA, 1% SDS and 0.1 mg/ml of proteinase 
K (New England BioLabs). After overnight incubation at 45°C, DNA was extracted 
by organic extraction with phenol:chloroform and 1 μg of salmon sperm DNA 
was added to help isopropanol precipitation. PCR S1-4 (Forward: 5’-
gtcactggctcctgcagaat; reverse: 5’-gaagcagatggcaatgttgcaa), PCR S5-8 (Forward: 
5’-gagaatgtctggttgtgtacctt; Reverse: 5’-caggcaaacacgatactgtcaa), PCR A 
(Forward: 5’-cactgtcatcttatccttaactga; Reverse: 5’-ctcgaccatatgggagagct), PCR B 
(Forward: 5’-gacgagttcttctgagggga; Reverse: 5’-atttgaccacgatgcacacaca), PCR C 
(Forward: 5’-ggctcctgcagaatgggtat; Reverse: 5’-acacctacaggacataggctat), PCR D 
(Forward: 5’-atatgaggaagcatggcaccat; Reverse: 5’-ctcgaccatatgggagagct), PCR E 
(Forward: 5’-gacgagttcttctgagggga; Reverse: 5’-gataactatggtgatgcacataca), PCR 
F (Forward: 5’-atatgaggaagcatggcaccat; Reverse: 5’-gataactatggtgatgcacataca), 
PCR G (Forward: 5’-ggctcctgcagaatgggtat; Reverse: 5’-tgctacctctaatggatatggtaa), 
PCR 105 (Forward: attctcgagccctttagctatggtcttctgct; Reverse: 
gatacgcgttgatggtgccatgcttcctca) and PCR 767 (Forward: 5’-
attctcgagtttaacagtcaaatattagtgttagttgct; Reverse: 5’-
gatacgcgtcagccatcacatcataggca) were performed using Dream Taq polymerase 
(Thermo Scientific) on 1/3 of the total extracted DNA. 

DNA extracted from total cell populations was performed similarly, but without 
addition of salmon sperm DNA. DNA concentrations were quantified with a 
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NanoDrop ND-1000 (NanoDrop Technologies), and PCR were performed on 100 
ng of genomic DNA per reaction. 

RNA preparation and RT-qPCR evaluation of miRNA expression levels 

We isolated total RNA using TriPure Isolation Reagent (Roche) according 
to the manufacturer’s protocol, and used 100ng of this RNA for reverse 
transcription with the miRCURY LNATM Universal RT microRNA PCR (Exiqon). 
The resultant cDNA was diluted 20 times, and a 2.5 μl aliquot was used in a 
SYBRGREEN qPCR with LNA specific primers for miR-105 and miR-767 (Exiqon). 
RNU44 was used as internal control. 

Flow cytometry cell sorting 

HT1080 #72.2.25.9 clone was transiently transfected by pTM945- Cre-
IRES-mCherry vector or control vector pTM945-mCherry, coding both for 
mCherry fluorescent protein. Two days later, cells were sorted by fluorescence-
activated cell sorting (FACS, FACSAriaTM III, BD Biosciences) based on mCherry 
signal. The sorted populations were harvested for RT-qPCR analysis 6 to 34 days 
after reseeding. 

Detection of gRNA efficiency 

HT1080 cells were transfected with pX330-U6-Chimeric_BB-CBhhSpCas9 
vector carrying 8 different sgRNAs, named Cas9/sgRNA1-8. Three days after 
transfection, DNA extracted from those cells was treated with RNAse A and 
submitted to SURVEYOR® Mutation Detection Kit, according to the 
manufacturer’s recommendations (Transgenomic). In brief, the genomic region 
flanking the CRISPR/Cas9 target site was first amplified by PCR using PrimeSTAR 
HS DNA polymerase (Takara). After migration through agarose gel, PCR products 
were purified using QIAquick Gel Extraction Kit (Qiagen). 2 μg of the purified PCR 
products were mixed with 10x Surveyor Buffer (100 mM Tris, 500 mM KCl, 15mM 
MgCl2) and water to a final volume of 20 μl, and subjected to a re-annealing 
process to enable heteroduplex formation: 95°C for 10min, 95°C to 85°C ramping 
at − 2°C/s, 85°C to 25°C at − 0.25°C/s, and 25°C hold for 1 minute. After re-
annealing, PCR products were treated with 1 μl of SURVEYOR nuclease and 
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SURVEYOR enhancer S (Transgenomics) during 1 hour at 42°C. DNA samples 
were run in a 2% agarose gel, in TAE 1x buffer supplemented with ethidium 
bromide. Quantification was performed by calculating relative band intensities 
using ImageJ software. 
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