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Résumé

Une étude récente a identifi¢ dans des cellules cancéreuses humaines un transcrit alternatif du
gene GABRA3, produit au départ d’un promoteur alternatif activé par déméthylation de I’ADN.
miR-767, un microARN co-transcrit avec GABRA3 et qui régule 1’expression des protéines
TET, pourrait jouer un rdle dans le développement cancéreux. L’objectif du présent mémoire
est de déterminer si I’expression de Gabra3 et de miR-767 chez la souris est semblable a ce qui
a été observé chez I’homme, et de contribuer a I’étude des fonctions de miR-767. Des
expériences de RT-PCR sur tissus de souris ont montré une expression de Gabra3 dans le
cerveau, mais aussi une faible expression dans d’autres tissus, dont le testicule. L’effet de la
déméthylation de I’ADN sur I’expression de Gabra3 a été étudié dans des fibroblastes murins
(NIH3T3) traités a la 5’-aza-2’-deoxycytidine, un agent déméthylant. Une faible induction du
géne a ainsi pu étre observée. En essayant d’identifier un transcrit activé par déméthylation, un
nouveau transcrit de Gabra3 a été identifi¢ dans le cerveau, codant potentiellement pour une
protéine allongée du coté N-terminal. Parallélement, la mise au point d’une détection de la
forme mature de miR-767 a été entreprise. Bien que la technique ait été validée par transfection
de cellules avec des vecteurs d’expression de miR-767 et par la détection de contréles
synthétiques, elle reste insuffisante pour détecter 1’expression endogéne du miARN. Enfin, des
outils ont été développés afin de modifier de maniére ciblée le locus génomique de miR-767
dans des cellules embryonnaires de souris. Des mutations « perte de fonction » ont été obtenues
a I’aide de la méthodologie CRISPR/Cas9. De plus, un vecteur est en cours de construction, en
vue d’obtenir un all¢le knockout conditionnel de miR-767 comprenant un géne rapporteur par
recombinaison homologue. Des analyses sur ces cellules et sur des souris transgéniques
dérivées de celles-ci devraient permettre d’étudier 1’expression et les fonctions de miR-767 in
vivo.
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1. INTRODUCTION

Cancer is often regarded as a disease caused by an accumulation of mutations in genes coding
for regulators of cell proliferation and survival. This, however, overlooks the epigenetic
modifications that occur in cancer cells. It has indeed been shown in recent years that epigenetic
mechanisms can be very important contributors to cancer development. This master thesis
focuses on miR-767, a microRNA recently discovered to be activated by hypomethylation in
cancer cells. In humans, miR-767 might have a function in tumorigenesis, by targeting mRNAs
encoding TET enzymes, which are involved in DNA demethylation.

L1y Cancer and DNA methylation (see [1][2] [3] for reviews)

The main distinctive characteristic of cancer cells, in contrast to normal cells, is their ability to
proliferate indefinitely without appropriate control, so that they finally form a tumor. To acquire
this capacity, they have to shut off or bypass cell cycle regulatory mechanisms that normally
decide whether a cell should divide or not, in response to external and internal signals. This is
commonly attributed to mutations in key effectors of those mechanisms, namely the proto-
oncogenes and the tumor suppressor genes. Mutations of proto-oncogenes are generally “gain
of function”, and associated with an increased abundance or exacerbate activity of the protein
products (the proto-oncogene becomes an “oncogene” in this context). In contrast, mutations
of tumor suppressors are “loss-of function” mutations, causing decreased expression or loss of
activity.

A cancer cell, however, differs far more from a normal cell than just by modifications of the
DNA sequence. Indeed, the epigenetic state of cancer cells, including their DNA methylation
patterns, are often dramatically altered. Both DNA hypomethylation and hypermethylation
have been reported. Hypermethylation mainly affects CpG islands of specific promoters, and
is associated with a stabilization of transcriptional repression. Genes coding for tumor
suppressors or for effectors of DNA repair pathways can be affected in this way, often in a
tumor-type-specific manner [4][5][6]. Genes marked by bivalent (both active and passive)
histone marks in pluripotent and multipotent stem cells, often involved in development and
lineage commitment, seem to be recurrent targets of hypermethylation as well [7][8]. Those
genes are expressed at low levels in undifferentiated embryonic stem cells (ESCs), but are
poised to activation upon appropriate differentiation signals [9]. Besides CpG islands, alteration
of DNA methylation patterns commonly affects CpG shores, which are conserved sequences
flanking the CpG islands. These sequences have been shown to bear most of the tissue-specific
DNA methylation at the scale of the genome [10]. Cancer-related changes in DNA methylation
of CpG shores are also highly correlated with gene expression, and consist of both hypo- and
hypermethylation. Of note, those methylation changes correspond to the same regions that are
differentially methylated between tissues and involved in differentiation [10][11].

Page | 1
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Hypomethylation, on the other hand, is massive and global. Mainly affecting repetitive
sequences, it is associated with a loosened chromatin state and promotes DNA rearrangements,
as well as reactivation of silenced mobile DNA elements, thereby contributing to genome
instability [12][13]. Changes in global gene expression following DNA demethylation could
also be mediated by the “partially methylated domains” (PMDs). PMDs are large DNA
sequences with a relatively low methylation level. They are found and organized in a tissue-
specific fashion in somatic cells, but are nearly completely methylated in pluripotent stem cells
[14][15]. Moreover, while they contain few or silenced genes, their locations correlate with
nuclear lamina-associated domains, silent regions binding the nuclear membrane [16]. This
suggests a role for the PMDs in the establishment of the cell-specific three-dimensional
organization of the genome, and an important potential influence on gene expression in a
cancerous hypomethylation context. Localized hypomethylation has also been described, but is
less understood. It has been hypothesized that demethylation of CpG islands in the promoters
of oncogenes could increase their expression, but no evidence of this has been reported so far.

It is important to note that the links between DNA methylation and gene expression are only
partially resolved, are dependent of the role of the targeted region and must be regarded in a
broader epigenetic context. For example, methylation within gene bodies, by contrast to CpG
islands, is generally associated with transcriptional activity rather than with repression [17].
DNA methylation is also found on regulatory sequences, where it can alter binding of
transcriptional regulators [18][19]. The downstream effects depend on whether it modulates
binding of enhancers or repressors. Furthermore, DNA methylation can indirectly alter
regulation of gene expression at the translational level, by modulating expression of
microRNAs (or miRNAs). Involvement of miRNAs in malignant transformation is increasingly
well-documented (see below). Then, DNA methylation does not play alone. It interacts with
numerous epigenetic effectors (enzymes catalyzing histone modifications, for example), whose
intricate interplay determines the chromatin architecture and transcription state of DNA [6].

Even though it seems that upregulation of oncogenes is not the primary consequence of
hypomethylation, this latter does activate some genes, called “cancer-testis” (CT) or “cancer
germline” (CG) [20][21][22]. Expression of these genes is indeed primarily regulated by DNA
methylation. They are silenced in most cell types, except in the germline and in cancer cells,
where hypomethylation is sufficient to induce their expression. Among the CG category are
found the GAGE [23] genes and some members of the MAGE gene family [23]. Interestingly,
CG genes are almost exclusively located on the X chromosome. Of great interest from a
therapeutic point of view is their potential ability to be used as cancer-specific antigens in
immunotherapy [24]. Some of them are suspected to have oncogenic functions.

Thus, reshuffling of the genome methylation patterns is very significant in cancer etiology and
offers interesting targets for treatment [2][25]. Four epigenetic drugs are already approved by
the FDA, two of them (azacytidine and decitabine) interfering with the DNA methylation
process. Many other drugs are undergoing clinical tests and may reach the market in the future.
Furthermore, new therapeutic opportunities could arise from the recent discovery of a new
family of enzymes involved in active demethylation: the TET proteins.
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1.1.1. DNA methylation pathways and the TET proteins (see [26][27][28] for
reviews)

1.1.2. DNA (de)methylation mechanisms

Two kinds of epigenetic “writers” regulate DNA methylation: those that add new methyl groups
or maintain them, and those that contribute to their removal. DNMT1, DNMT3A and DNMT3B
are members of the DNA methyl transferases family and belong to the first category. They
catalyze the transfer of a methyl group from S -adenosyl- 1 -methionine (SAM) to an
unmethylated cytosine. DNMT1 has a maintenance activity and acts on hemimethylated DNA
substrates, while DNMT3A and DNMT3B have de novo methyltransferase activities.
Dysregulation of these proteins are commonly found in cancer [29].

The two FDA-approved drugs aforementioned, 5’-azacytidine and 5’-aza-2’-deoxycytidine
(5-azadC, or decitabine), induce global DNA hypomethylation, persistent for days after
treatment [25][30]. As nucleotide analogues, both compounds can be incorporated in DNA and
form a covalent complex with DNA methyltransferases. Though clinically poorly efficient on
solid tumors, they give interesting results on acute myeloid leukemia (AML) and
myelodysplasic syndrome (MDS) patients, restoring expression of tumor suppressor genes,
sensitivity to apoptosis and proliferation control. Decitabine is also used in culture to induce
demethylation and activation of numerous genes, in human as well as mouse cells [31][32].

Recently, the discovery of the TET proteins family, composed of three members, TET1, TET2
and TET3, shed light on the DNA demethylation process. These a-ketoglutarate (0-KG)-
dependent dioxygenases catalyze the conversion of S5-methylcytosine (5mC) to

NH, OH NH, 0 NH, 0 NH,
e wl\/\‘u TET1/2/3 SN TET1/23 H | SN TET1/23 HO SN
———- ——— ———-
N ,&0 Fe(ll), aKG, O, N zko Fe(ll), aKG, O, r /Ko Fe(ll, aKG, O, N ", 5
DNA DNA DNA DNA

s5mC

DNA methyltransferases
(DNMTs)

DNA

DNA Abasic site
C

Figure 1. Currently proposed mechanisms for DNA demethylation. The TET dioxygenases
catalyse oxidation of SmC into ShmC, 5fmC and 5caC. These reactions require the presence of Fe(ll)
and aKG cofactors. A return to unmodified cytosine is then possible through passive dilution
(represented by the dotted arrows). TDG-mediated glvcosylation and BER. [26]
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5-hydroxymethylcytosine (ShmC) (figure 1) [33]. Their activity relies on the presence of Fe(II)
and of an o-ketoglutarate (a-KG) cofactor, produced by isocitrate dehydrogenase enzymes
(IDH1 and IDH2). Further oxydation steps catalyzed by the same enzymes can lead to 5-
formylcytosine (5fC) and S-carboxylcytosine (ScaC) [34]. Those marks may be specifically
recognized by distinct DNA binding proteins and therefore play distinct epigenetics functions
on their own. To complete the process towards an unmodified cytosine, two possibilities have
been documented. The first one is a replication-dependent passive dilution, as the modified
cytosine is no more recognized by the methylation maintenance machinery [35]. The second
one is active demethylation, whose exact mechanisms have not yet been fully deciphered. A
carboxylase may convert ScaC to an unmodified cytosine, though such enzyme have not been
identified so far [36]. DNMT3A and DNMT3B have also been shown to mediate demethylation
of 5ShmC in absence of a SAM donor, although this may be irrelevant given that SAM is present
in all cell types [37]. Thymine-DNA glycosylase (TDG) is currently the best established
mediator toward unmodified cytosine, generating an abasic site subsequently repaired through
base excision repair (BER). TDG have indeed been shown to have a base excision activity for
5fC and 5caC [38][39]. Glycosylation of 5ShmC to ShmU by AID/APOBEC deaminases
followed by BER have also been hypothesized, but is not yet certain. Overexpression of those
deaminases together with TET1 has indeed been shown to promote ShmC demethylation in the
adult mouse brain [40].

1.1.3. Biological functions of the TET proteins

Initially, ShmC was discovered in Purkinje neurons and ESCs, but since then newly developed
detection methods have brought considerable information on its genome-wide distribution in
various cell types, tissues and conditions, as well as on the distribution of its 5fC and 5caC
derivatives [26]. As well, biological importance of the demethylation process in embryonic
development, in stem cells and in post-mitotic cells is gradually being highlighted.

1.1.3.1.Embryonic development and epigenetic reprogramming

All three TET proteins are expressed and play major roles at different steps of embryonic
development. TET3 is the only one to be upregulated in the one-cell zygote, whereas TET1 and
TET2 are most abundant in the inner cell mass (ICM) of the blastocyst [27]. From fertilization
to developing embryo, two waves of global DNA demethylation occur, each one involving TET
proteins. The first one takes place after fertilization, during preimplantation development, and
affects both the paternal and the maternal chromosomes (figure 2A). Gu et al (2011) pointed
out the role of TET3 in demethylation occurring in the male pronucleus [41]. While loss of
5mC in the paternal pronucleus is rapid and coincides with gain of ShmC, suggesting active
demethylation, it is replication-dependent in the maternal pronucleus, indicating a passive
process. TET3 is abundant in the oocyte cytoplasm and is rapidly localized to the male
pronucleus where it appears to mediate SmC oxidation. The resulting ShmC are then gradually
lost in a replication-dependent manner from the two-cell stage and beyond [42]. TET3-mediated
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DNA demethylation seems to be prevented in the maternal pronucleus by PGC7 (and likely by
additional factors), recruited by a maternally-enriched histone mark [43].

Gu et al (2011) produced conditional knockout (KO) mice with specific deletion of 7et3 in the
germline. With this model, they demonstrated that while active demethylation occurs normally
in zygotes derived from a WT oocyte and a KO sperm cell, it is blocked in Tet3-deficient
oocytes. Interestingly, demethylation and reactivation of the paternal genes coding for
embryonic stem cell factors, such as Oct4 and Nanog, is impaired in these embryos. Those

genes are silenced during male gametogenesis, and thus have to be reactivated for embryonic
development. [41]

Fertilization
A g - Paternal 5SmC
‘g — Maternal Smd
s == Paternal ShenC/5fC/5caC
= E’ w=e Maternal ShmC/5fC/5cal
29
~ &
5
g 1 1 1 N 1
2cells 4cells 8cells Morula Blastocyst
2= Yo
Tetl - TR
Tet2 |
Tet3  |RERNEDN—— ]
B Tdg e
‘é —S5mC
w g ==+ 5hmC
<
35
55
3
Imswn- - 3 T R ————
Epiblast E8S E9.5 E105 E115 E125 E13.5 E145
- ' e 7% AR T =
Tl ; 7o % 5 ol
CTA( oty 1%V A8 BE 5=
\L# < ~ '
Tett TR
Tet2 RIS =t e e i
Tet3 .
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Figure 2. DNA demethylation and TET expression in pre-implantation embryo and in PGC.
A) DNA demethylation dyvnamics in pre-implantation embryo. Modified cytosine levels first drop
in the paternal genome after fertilization because of TET3 activity. Both genomes then undergo
passive demethylation and remethylation in the ICM. B) lllustration of the 2 phases of demethylation
in PGCs, partially mediated by TET proteins. [26]
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TET3 does not seem essential for the generation of functional gametes, as specific deletion of
Tet3 in the germline precursors does not affect their epigenetic reprogramming (see below), nor
maturation of the gametes and their fertilization capacity. By contrast, females producing
Tet3-deficient oocytes display reduced fertility due to post-implantation development failure
and morphological abnormalities appearing from midgestation. [41]

After this first zygotic DNA demethylation wave, a new methylation pattern is gradually
established as cells differentiate in the inner cell mass. While most embryonic cells gradually
lose their pluripotency to form somatic tissues, a second wave of demethylation occurs in the
primordial germ cells (PGCs) (figure 2B) [44][45]. Those cells are specified from epiblast cells
and migrate to the genital ridges to differentiate in the gonads to give rise to gametes, in a sex-
specific manner [45]. Epigenetic reprogramming occurs in PGCs, notably to erase methylation
imprints inherited from the parents, in order to properly reset new imprints according to the sex
of the developing embryo. This second wave occurs in two phases, the first one consisting of a
replication-dependent loss of SmC due to reduced maintenance activity [46]. The second takes
place when the cells enter the genital ridges, and coincides with upregulation of TET1 and
increased ShmC marks. It seems that after active oxidation of SmC by TETI1 (and perhaps
TET2), ShmC marks disappear passively through the next rounds of replication [44][47]. It is
during this last phase that imprinted genes are demethylated, along with gametogenesis-related
genes and CpG islands of the X chromosome [48]. TETI seems particularly important for
imprint erasure, as heterozygous offspring of KO males display embryonic failure related to
imprinting abnormalities [49].

1.1.3.2.ESCs and primary differentiation in the 3 germ layers

In ESCs (derived from the ICM), where TET1 and TET2 are expressed, SmC oxidation products
are abundant and enriched at poised regulatory elements and promoters of lineage-specific
genes, suggesting a role of TET1 and TET?2 in the regulation of these genes in pluripotent stem
cells [50][51][52]. By regulating key factors of pluripotency and differentiation such as
NANOG, NODAL or LEFTY, they appear to ensure maintenance of an undifferentiated state.
Interestingly, both TET1 and TET2 seem to influence differentiation fates [51]. Depletion of
TET1 in mESC leads to an overexpression of trophectoderm markers and a decrease of
neuroectoderm markers. By contrast, TET2 depletion induces expression of neuroectoderm
markers. Injected in animals, ESC can form heterogeneous tumors named teratomas, composed
of cells derived from the three embryonic layers. Teratoma formation as well as injection in
mouse blastocysts with the same mESC confirmed in vitro results, with a tendency of TET1-
depleted cells towards mesoderm, endoderm and even trophectoderm formation, and a tendency
towards neuroectoderm differentiation for TET2-depleted cells [51].

Importantly, both proteins are involved in the reprogramming of induced pluripotent stem cells
(iPSCs). It is now well-known that differentiated cells can be reprogrammed into pluripotent
stem cells by ectopic expression of an association of key transcription factors. The initial
Yamanaka cocktail comprised genes encoding 4 factors, namely OCT3/4, SOX2, c-MYC, and
KLF4 [53]. Addition of TET1 or TET2 to this cocktail facilitate reprogramming, as these
enzymes demethylate Oct4 and other genes, and physically interact with NANOG. This latter,
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another important factor for pluripotency, recruits TET1 and TET2 on DNA binding sites.
Enzymatic activity is required for this effect, as overexpression of a catalytically inactive Tet/
transgene is only able to facilitate reprogramming as long as endogenous TET2 activity is
preserved [54]. It has also been shown that Tet! can efficiently replace Oct4 for iPSC induction
[55].

1.1.3.3.Toward differentiated somatic tissues

Upon differentiation, TET1 and TET2 levels drop. In somatic tissues, TET2 remains important
for the maintenance and differentiation of the hematopoietic lineage [56]. TET3 is the most
abundant member of the family in somatic tissues, with a low but ubiquitous expression. It is
however expressed at high levels in the brain and in germ cells. In the brain, TET3 seems to
contribute to neurogenesis and neural progenitor cells (NPCs) maintenance. In mammals, NPCs
are located in the subventricular zone of the brain and contribute to adult neurogenesis [57].
Deletion of Ter3 in mESCs leads to impeded neuronal differentiation. Furthermore, NPC
derived from those cells display increased apoptosis and reduced neuron formation [58].

Active demethylation has a particular role in mature neurons, where stimulation induces
expression of numerous neuronal activity-regulated genes. This phenomenon was identified
before discovery of the TET proteins and is believed to play a role in memory formation [59].
The first observations have been made in hippocampus, a part of the brain essential for
establishment of long-term, short-term and spatial memory. Neuronal activity triggers both
DNA methylation and demethylation processes, which represses “memory-suppressor’ genes
and induces plasticity-promoting genes such as Bdnf, coding for a neurotrophin. After learning,
long-lasting changes in DNA methylation patterns are also observed in the cortex, which is
believed to be the storage site for long-term memories after learning [59]. A key behavioral test
to assess memory formation in mice is fear conditioning [60]. Briefly, the animals learn to
associate a given environmental context to a displeasing stimulus, and develop a particular fear
behavior when they recognize this context. Several behavioral tests have been derived from this
basic principle to investigate the mechanisms of memmory.

Recently, TET1 has been shown to be induced after neuronal stimulation in the hippocampus,
regulating target genes and contributing to memory formation and extinction [61]. TETI1
overexpression promotes conversion of 5SmC to ShmC in human cells and increases expression
of Bdnf and other factors of plasticity in mouse brain [40][61]. Mice overexpressing Tetl in the
hippocampus display learning abilities similar to control animals in the fear conditioning
paradigm, but display a faster memory extinction. Of note, the catalytic activity of the protein
does not seem to be strictly required for this phenotype [61]. In Tet/ KO mice, ShmC level is
slightly decreased and several genes regulated by neuronal activity are downregulated [62].
Similarly to Tet! overexpressing mice, no evident phenotypic changes have been reported in
fear memory acquisition. In that case, however, memory extinction is delayed. Interestingly, by
contrast to hippocampal neurons, only TET3 levels rise in cortical neurons upon neuronal
stimulation in vitro and during fear extinction in vivo [63].
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As for TET3, arole in NPC and neuronal differentiation has been shown for TET1. In Tetl KO
mice, hypermethylation and altered expression of genes regulating neurogenesis leads to
impaired proliferation and NPC maintenance, with downstream effects on spatial learning and
memory formation. By contrast to 7et3 KO, however, viability and differentiation potential do
not seem affected. [64]

1.1.4. TET proteins and cancer

In the cancer context, the TET proteins generally have tumor suppressor characteristics. As a
result, their downregulation in cancer cells comes along with an overall loss of ShmC [65]. As
an exception to the rule, the first evidence of the involvement of these enzymes in cancer was
the identification of an oncogenic TET1-MLL fusion protein in rare cases of AML [66]. Of
note, the TET acronym (Ten-Eleven-Translocation) arises from this translocation event
between MLL on chromosome 11 and 7E7/ on the chromosome 10. A recent study pointed out
the oncogenic function of TET1 in MLL-rearranged leukemia, regardless of the identity of the
fusion partner [67]. In those leukemia, 7E7 is significantly upregulated by MLL (particularly
by MLL-fusion proteins), which is accordingly enriched in the promoter region of the gene.
TETI1 and MLL then share several target genes. As many MLL partners are part of chromatin-
modifying complexes, it is hypothesized that fusion with one of those partners enhances their
synergism, leading to oncogenicity. Among the gene targets shared between MLL and TET1
were found HOXA9, MEISI, and PBX3, whose activation at least partially mediates the
oncogenic effect of TET1. To support the proposed oncogenicity of TET1 in that kind of
leukemia, KO of Tetl resulted in reduced transformation of MLL-rearranged cells. Tet/
knockdown reduced viability of those cancerous cells in vitro and delayed development of
leukemia in mice [67].

TET2 is to date the member of the TET family which has been the most closely related to
cancer. TET2 is indeed very important for the hematopoietic lineage differentiation, and its
dysregulation is frequently associated with myeloid malignancies [56][68]. Alteration of TET2-
mediated demethylation also commonly results from mutations in IDHI1 (isocitrate
dehydrogenase), IDH2, FH (fumarate hydratase) or SDH (succinate dehydrogenase). These
mutations cause accumulation of a-KG analogs (2-hydroxyglutarate, fumarate and succinate,
respectively) that block the a-KG cofactor binding site and therefore inhibit TET activity. In
solid tumors, the impact of 7ET mutations is less obvious, but levels of all three proteins are
often reduced. In various types of tumors, including melanoma, breast, prostate, lung and liver
tumors, TET levels are significantly reduced, with a correlated decrease in ShmC and with a
negative impact on prognosis [69][70]. In line with this, TET1 has been shown to prevent
metastasis in prostate and breast cancers by inducing expression of the tissue inhibitors of
metalloproteinase (TIMP) family proteins [71]. Those proteins are indeed known to modulate
matrix metalloproteinase (MMP) proteins, which are important drivers of metastasis.
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Importantly, numerous miRNAs have been shown to regulate TET expression and to be
deregulated in cancer (see below).

12 MicroRNAs and cancer

microRNAs dysregulation is another source of plasticity exploited by cancer cells to reshuffle
gene expression and to improve their competitive edge. Most human protein-coding genes can
indeed be targeted by one or more miRNAs, and a given miRNA may regulate numerous target
genes. The biogenesis of those small non-coding RNAs is much conserved and has been studied
in a wide range of species (figure 3). miRNAs transcription is carried out by RNA Pol II. Some
miRNAs are embedded in mRNAs, whereas others are “intergenic” and are part of non-coding
transcripts. In the first case, they generally share the promoter of their host gene, although it
has been shown that they often have more than one transcription start site (TSS) and can be
transcribed on their own [72]. miRNAs belonging to this category are usually intronic and do
not prevent host gene processing, but others that are located in exons can destabilize their host
RNA. In all cases, they are frequently organized in co-transcribed clusters. Transcription by
RNA Pol II leads to a long pri-miRNA, containing one or several stem-loop structures. These
structures are recognized by the microprocessor complex (composed of RNAse III Drosha and
its cofactor DGCRS), which processes them into individual ~70 bp-long pre-miRNAs. Pre-
miRNAs are then translocated through the nuclear pore complex by the protein exportin 5. [73]

In the cytoplasm, pre-miRNAs are cleaved by the RNAse II endonuclease Dicer (which
interacts with the protein TRBP, bearing a dssSRNA binding domain) at the level of their terminal
loop to form an RNA duplex. This latter can subsequently be loaded on argonaute (AGO)
proteins to form the RNA-induced silencing complex (RISC). For the complex to become
effective, one of the RNA strands, the passenger strand (also named miRNA¥*), is removed.
Classically, the strand displaying the lowest binding stability with its complementary strand at
its 5’ end i1s conserved. Regulation of miRNA biogenesis is possible at every step from
transcription initiation to assembly of the effective RISC complex, on every protein intervening
in the process and on the miRNAs themselves. Once fully processed, they regulate expression
of their target mRNAs, typically through binding complementary sequences located in the 3’
UTR, inducing translational repression and decay of the target mRNA. The miRNA-mRNA
pairing is most of times only partially complementary, except for the miRNA “seed”, a domain
spreading from nucleotide position 2 to 7 from the 5’ end of the mature miRNA, which is
generally a perfect match for the target. This seed region is the most reliable indicator for target
prediction, and is sufficient to predict conserved targets of miRNAs [74]. [73]

During cancer development, regulation of miRNA levels can be modulated at the transcription
level or in later steps [75]. Both genetic and epigenetic events influence miRNA transcription.
Deletions and chromosomal rearrangements lead to loss or amplification of many miRNAs,
which are often located in fragile regions [76]. DNA methylation also affects expression of
CpG-associated miRNAs in various types of cancer, promoting expression of oncogenic

Page | 9




Olivier Svensek 2014-2015 Unamur

miRNAs and repressing tumor-suppressor miRNAs [77]. For example, miR-148a, miR-34b/c,
and miR-9, belonging to the tumor-suppressor category, are repressed by hypermethylation in
human metastatic cancer cells. Restoration of their expression using expression vectors reduces
metastatic progression in vivo [78]. On the contrary, oncogenic miRNAs tend to be activated
by hypomethylation, as has been shown in prostate cancer, where the tumor-suppressor PTEN
is downregulated by several miRNAs induced by hypomethylation [79].

Epigenetic effectors themselves can be regulated by miRNAs. For example, miR-29
downregulates DNMT3A4 and DNMT3B, and its ectopic expression leads to reactivation of
tumor-suppressor miRNAs silenced by DNA hypermethylation in cancer cells [80]. The TET

Figure 3. microRNA biosynthesis. After transcription by RNA polymerase 1I, the pri-miRNA is
processed by DROSHA into a pre-miRNA, which is exported in the cytoplasm by exportin 5
(XPOS). There, it is cleaved by DICER and loaded on AGO proteins to form the RISC complex,
which degrades or prevents translation of target mRNAs. ORF = open reading frame. [77]
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proteins are no exception to the rule, being the targets of at least 30 miRNAs. The most
oncogenic of them appears to be miR-22, whose high expression level in breast cancer cells is
associated with upregulation of genes involved in metastasis and with decreased survival rates
[81]. The mechanism by which miR-22 promotes metastasis is a striking example of interplays
between TET proteins and miRNAs (figure 4). Overexpressed, it reduces translation of all three
TET enzymes, with a corresponding increase in the levels of ShmC. This in turn causes
repression of miR-200, a tumor-suppressor miRNA, by impaired demethylation of CpG islands
located in its promoter. miR-200 exerts its tumor suppressive functions by targeting
transcriptional repressors, thereby limiting epithelial-mesenchymal transition (EMT) and
stemness in cancer cells. Silencing of the TET-miR-200 axis therefore promotes stemness
acquisition, EMT, invasion and metastasis [81]. Overexpression of miR-22 also promotes
hematopoietic malignancies through repression of 7E72 [82][83]. mir-29 is also able to
modulate TET levels and DNA demethylation process, but seems to have a protective function
regarding tumorigenesis, though its overexpression has been observed in AML, along with
other TET2-targeting miRNAs [84][85].

Evidences of miRNA deregulation in various diseases have initiated research for therapeutic
strategies [86][87]. Several approaches are being developed, including the use of inhibiting
antisense oligonucleotides (anti-miRs). However, these RNA drugs are facing multiple
difficulties in terms of administration, toxicity, delivery and stability. Nevertheless, some
therapeutics have entered clinical development, including for cancer. MRX34, the first to enter
clinical test, is currently in Phase I testing on patients with liver cancer or hepatic metastasis
[88]. It mimics the miR34 family, frequently lost in cancer, by targeting numerous oncogenes.
Similarly, Let-7, another potential candidate for miRNA mimic development, is under study.
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Figure 4. Interplays between TET proteins and miRNA regulation. In breast cancers,
overexpression of the oncogenic miRNA miR-22 results in downregulation of the TET proteins and
of TET-regulated tumor-suppressor genes. miR-200, a tumor-suppressor miRNA, is also
downregulated. This promotes metastasis, tumor growth and MET. (HMGA?2 is another gene
upregulated in breast cancers with similar effects) [65]
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By contrast, an inhibitor is being developed for miR-21, an oncomiR that target PTEN, among
other tumor suppressors.

13: A cancer-germline transcript for GABRA3

As described in the previous section, molecules targeting miRNAs have interesting therapeutic
potential. A limitation of this approach, however, is the possible off-target effects, as a given
targeting treatment is very likely to affect several miRNAs of the same family in several organs.
Therefore, the more a miRNA has an expression restricted to cancer cells, the more it is an
interesting target for a potential treatment. Given that miRNA expression can be altered along
with modifications of DNA methylation patterns, C. De Smet and his collaborators
hypothesized that hypomethylation could induce miRNA expression in a cancer-germline
manner, as it does for CG protein coding genes mentioned above [89]. They screened databases
for human miRNAs specifically expressed in testis (and in no more than one other tissue) and
located on the X-chromosome. Among these, they focused on miR-105 and miR-767, both
located in the first intron of the gene GABRA 3, which encodes a subunit of a GABA 4 ionotropic
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Figure 5. Expression of the alternative CG GABRA transcript hosting miR-105 and miR-767
in humans. A) Transcription of CG-GABRA3 (referred here as CT, for “cancer-testis™) from an
alternative TSS, under control of a bidirectional promoter activated by demethylation. B) RTqPCR
detection of GABRA3 mRNA and ofits host miRNAs in a panel of human tissues and in tumor cell
lines. The primers used for GABRA3 are shown in A. [89]
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receptor (figure SA). Interestingly, whereas GABRA3 expression appeared restricted to brain
and testis in healthy conditions, it is also ectopically expressed in several types of human
cancers (figure 5B). In non-small cell lung cancer (NSLC), ectopic expression of GABRA3 is
correlated with bad prognosis [90][91][92]. An impact on cancer development could result from
miRNA expression, but it could also be mediated by the GABRA3 protein itself, as has been
suggested in hepatocellular carcinoma [93].

According to De Smet et al (2014), expression of human miR-767 and miR-105 mirrors
expression of their host gene (figure 5B). However, while the team showed that GABRA3
expression is restricted to brain and testis, they detected low expression of miR-105 and/or
miR-767 in other tissues (bladder, colon, intestine, prostate, heart and lung). De Smet et al
identified an alternative transcript for GABRA3 that displays a cancer-germline expression
profile [89]. The transcription start site (TSS) of this transcript is localized 247kb on the 5’ side
of canonical GABRA3 TSS, near a bidirectional promoter activated upon demethylation and
that also drive expression of the CG gene MAGEA3 (figure 5A). The GABRA3 CG-transcript
only differs from the canonical one by the presence of 7 additional 5’ exons and the absence of
the canonical first exon. Importantly, the CG-GABRA3 RNA is specifically expressed in testis
(it is not detected in the brain) and is induced in cancer cells and in cells treated with the
demethylating drug 5-azadC, together with miR-105 and miR767.

Based on in silico predictions, further investigation revealed that miR-767 is able to target 7ET'/
and 7E73 mRNAs and to reduce abundance of their encoded proteins. Transfection with
luciferase reporter genes showed that miR-767 efficiently binds to the 3’UTR region of both
TETI and TET3 mRNAs. Regulation of endogenous TET1 and TET3 levels was confirmed by
transfection with synthetic miR-767 molecules and antisense oligonucleotides. Changes of TET
proteins and of ShmC levels were assessed by western blot and slot blot assays, respectively.
Finally, an inverse correlation between expressions of GABRA3 and TET1/3 was highlighted in
lung carcinoma based on microarray expression data.

Very recently, another study pointed out and characterized a functional involvement of
miR-105 in breast cancer metastasis [94]. Transferred through exosomes secretion to
endothelial cells, miR-105 downregulates ZO-1, a key component of tight junctions, thereby
weakening the endothelial barrier and promoting escape of cancer cells in the bloodstream.
Given that miR-105 and miR-767 are co-transcribed, it would be worth investigating whether
they both play a role in cancer, or if expression of one is simply driven by positive selection of
the other. As evidence have been provided about the relationship between TET expression and
metastasis, miR-767 could work in synergy with miR-105 to promote cancer invasiveness,
migration and metastasis formation.

As a regulator of 7ET] and TET3, miR-767 may thus play various functions in epigenetic
reprogramming, in embryonic development, in pluripotency maintenance, in activity-
dependent gene regulation in neurons and in gametogenesis. For obvious practical and ethical
reasons, these potential functions cannot be analyzed in humans, where their study would be
limited to cultured cells. Conversely, a mouse model would enable deep and accurate analyses
in a whole organism, including behavioral phenotyping. Moreover, the possibility to associate
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a reporter gene with the gene of interest in transgenic mice should facilitate characterization of
the tissue expression pattern of miR-767.

To date, little is known about the expression and biological functions of Gabra3 in other tissues
than the brain. Only one knockout model exists for Gabra3. Such a model would be
inappropriate given the difficulty to discriminate phenotypes caused by the lack of protein or
the lack of'its associated miRNAs. No obvious developmental or morphological defect has been
reported for these mice, but they display subtle behavioral phenotypes. Some of these
phenotypes have been attributed to hyperactivity of dopaminergic neurons due to the absence
of a3 GABA receptor, as administration of a dopamine receptor antagonist (haloperidol)
restored the normal phenotype [95]. Another phenotype observed in those mice was a frustrative
response in the sucrose preference test. In this test, when sucrose concentration was reduced in
drinking water, consumption of the KO mice decreased, whereas consumption of the WT mice
remained stable. This was hypothesized to betray frustration, as the reward was not as important
as expected, and could be attributed to the lack of the GABA receptor and dopaminergic
dysregulation [96]. In the same study, Gabra3 KO mice displayed a faster memory extinction
after fear conditioning. This observation could be linked to the fact that mice overexpressing
TET]1 also display such a phenotype. One could wonder whether it could also be attributed to
TET1 overexpression caused by a reduced expression of miR-767. However, it is likely that
expression of miR-105 and miR-767 remains unchanged in the Gabra3 KO mice, as the
mutation is a duplication of exon 4, downstream of the miRNA cluster.

Thus, it would be first interesting to verify whether expression of miR-105 and miR-767 is
affected in the GABRA3 KO mice. If it is, absence of both miRNA might play a part in the
phenotypes observed in these mice. If it is not, questions regarding the viability and the effects
of a specific inactivation of miR-767 should be reconsidered.

1.4. The CRISPR-Cas9 system

The standard method of gene targeting by homologous recombination (HR) in mice is quite a
heavy procedure [97]. It requires to construct a targeting vector with long homology arms
surrounding the modified region. This vector is then transfected in mESCs where it can be used
as a repair template, resulting in the replacement of the region flanked by the homology arms
However, such recombination events occur at a low frequency. The CRISPR-cas9 system is an
alternative method recently developed to achieve genome engineering with much higher
efficiency [98].

CRISPR (for Clustered Regularly Interspaced Short Palindromic Repeats), refers to bacterial
genomic loci involved in adaptative immune defense (figure 6). Those loci, constituted of a
succession of repeated elements interspaced by variable sequences called spacers (CRISPR
arrays), also include CRISPR-associated genes (Cas). CRISPR repeats are partially palindromic
and tend to form hairpin structures, while spacers are variable sequences acquired during
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Figure 6. CRISPR system in bacterial immune defence. Clustered Regularly Interspaced Short
Palindromic Repeats contain foreign sequences acquired from infecting viruses during previous
infection events. Integrated in the bacterial genome, those sequences can be processed in crRNA,
able to guide Cas-encoded nucleases to corresponding protospacers (in immediate proximity of a
PAM) on exogenous nucleic acid molecules, which are thus degraded. [99]

previous phage infectious events. They are thus homologous to foreign genetic sequences,
called protospacers. CRISPR arrays are generally transcribed as a single RNA, further
processed into shorter CRISPR RNAs (crRNAs), whose function is to guide the catalytic
activity of a Cas-encoded nuclease. A Cas-targeted protospacer is always associated with a
protospacer adjacent motif (PAM), which varies depending on the type of CRISPR system. To
summarize, crRNAs form a complex with Cas-coded nucleases, and guide them to allow a
specific cleavage of a protospacer in the immediate proximity of a PAM. CRISPR-Cas systems
can be sorted into three classes, namely type I, type II and type III [99].

The Streptococcus pyogenes Cas9 nuclease and associated CRISPR RNAs, (type II), have been
manipulated to develop a new genome engineering technology [98][100][101]. This system
involves two crRNAs, namely a precursor crRNA (precrRNA) which contains the spacers
interspaced by direct repeats, and a trans-activating crRNA (tracrRNA). These two RNAs guide
the Cas9 nuclease to protospacers immediately preceding a 5’-NGG PAM sequence
(figure 7B). A codon-optimized S. pyogenes Cas9 (SpCas9) has been engineered for use of this
system in mammalian cells. It has been shown that this nuclease, combined with a tracrRNA
and a precrRNA, is sufficient to generate targeted double-strand breaks (DSB) in the genome
of mammalian cells [100]. The precrRNA and tracrRNA can even be fused together into a single
guide RNA chimera (sgRNA) (figure 7A) [100][102]. The DSB generated are preferentially
repaired by the error-prone non-homologous end joining (NHEJ), frequently leading to
formation of short deletions or insertions, although homology-directed repair (HDR) with a
recombination template (endogenous or introduced in the cells) is also possible
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[103][104][105]. Key mutations in one of the catalytic domains of SpCas9 allowed to convert
the nuclease into a nickase (SpCas9n) which can still be used to induce HDR rather than NHEJ
and indel formation, although recombination frequency is much reduced compared to that of
the WT Cas9 [100]. The wild type Cas9 has two nuclease domains, namely RuvC and HNH.
Two kinds of nickase mutants have been developed by inactivating one or the other domain.
The nickase used in this work has an aspartate-to-alanine substitution (D10A) in the RuvC I
domain and only cleaves the strand which is complementary to the RNA guide.

A considerable drawback of the CRISPR-Cas9 technology is its off-target activity. Although
the target specificity is ensured by a more or less 20 bp sequence, single mismatches between
crRNA and target DNA are deleterious for cleavage efficiency only in the 8-14 bp region
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Figure 7. CRISPR/Cas9 system for genome editing. A) Representation of the 2 possible kinds of
guide processing: | precrRNA + | tracrRNA, or a single chimeric sgRNA. [100] B) Targeting of a
protospacers with the WT Cas9. The red arrows represent cleavage of DNA strands to generate a
DSB. [107] C) Targeting with the nCas9, with 2 guides specific for 2 protospacers. The offset and
overhang that characterise such a pair of RNA guides are represented by dotted lines. [107]
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immediately upstream of the PAM, while they are relatively well-tolerated elsewhere in the
guide sequence [106]. A solution to reduce off-targets is the use of a pair of RNAs, each guiding
Cas9n at different but neighboring sites (figure 7C). This results in simultaneous nicks on both
DNA strands of the targeted locus. A given pair of guiding RNAs is characterized by its offset
and the kind of overhangs it generates, both affecting DSB generation efficiency [107]. The
offset is defined as the distance between the 5° ends (distal to the PAM) of the two protospacers.
Of note, offset and overhang type are interdependent, a positive offset always creating a
5’overhang with the D10A Cas9 nickase. For this nickase, optimum efficiency for NHEJ and
indel formation is reached with 5’ overhangs and offsets ranging from -4 to 20 bp.

Double nicks seem to be perceived by the cells as a DSB, and are therefore also repaired either
by NHEJ or by HDR. This strategy highly increases specificity without reducing cleavage
efficiency [100][107]. Importantly, HDR-mediated recombination frequency induced by the
D10A nickase is similar to that of the WT Cas9, and thus higher than that induced by single
nicks. [107][108]. Single-strand oligonucleotide (ssODN) are the most broadly used templates
for HDR, but double-strand DNA donor vectors have also been used efficiently
[109][110][111].

The Cas9 system may be applied for genome engineering in many cultured cell types, including
in ES cells, and can therefore be used in transgenesis. Interestingly, Cas9n as well as WT Cas9
can be used to mediate efficient genome engineering following injection into one-cell embryos,
with direct generation of transgenic animals [112][108][109][113].

I'5: Objectives

The final objective of this work is to obtain cells and mice with a loss of function mutation of
miR-767. These model will allow investigation of the miRNA biological functions. In addition,
a reporter gene inserted within the host gene Gabra3 should allow a reliable and accurate
detection of Gabra3, miR-105 and miR-767 transcription during development and in adult
tissues.

Another objective of the work is to determine the expression pattern of miR767 and Gabra3 in
mouse tissues and to compare it with expression in humans. Importantly, induction of miR-767
by DNA demethylation and the cancer-germline expression pattern are to be confirmed in this
species.
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2 S RESTENS

. miR-767 and Gabra3: in silico data

In the mouse gene Gabra3, the second intron contains sequences similar to those of human
miR-105 and miR-767. Whereas miR-767 is surrounded by two copies of miR-105 (miR-105-1
on the 5’ side and miR-105-2 on the 3’ side) in humans, there is only one copy of miR-105 in
mice, on the 5’ side of miR-767 (figure 8A). Alignment of miR-767 and miR-105 sequences
between humans and mice revealed a perfect conservation of the seed sequence of miR-767
between the two species, but not of the seed sequence of miR-105 (figure 8B). Predictions based
on seed pairing also indicate the 7er mRNAs as potential targets of miR-767, with several
putative binding sites in the 3’UTR of Tet/, Tet2 and Tet3 mRNAs (Diana Micro-T, Miranda).
However, such predictions are not sufficient to substantiate a regulatory impact of miR-767 on

those mRNAs.
1Kb

A. miR-105-2 miR-105-1
Homo sapiens GABRA3 s :

miR-767

Mus musculus Gabra3

ggg- whien i SR
miR-767 .~

e ~ miR- 105
~ 7~
~ N P 7
miR-
Gabra3 s e 0K __
. “MiR-767"
;g‘:m -y ST e e RV RS S o e i,;;‘("’ = i 1
- -
+103 kb
Magea9 Gabra -
g q (BT)-Gabra3#l —_ AN AN A AT
» B, T o a Vv NS v 9 “r < \'v" vV
. +104 kb . d e
- >
Gabra3#2 . ' A A A At
—— —— \ /8 O\ 2 \Vi /s /5
—~—— — \/ N il /" 4 /
b C d e
CT-Gabra3? | NN\ NATI/
- " ~ > - “ v
C e
B. d
mMMu-MIiR-105 5’ - 1ocATITIAGCANSTECTOAATOCTTOTOSTOoCTOCTTATOCACCACGART GETTOAGCATOTOCTATOST-ACCTAC 37
PORRE 0 RDRRE RRRRRRAN 0 RRRR AR R RN N RRY RN RRRRRRRRRRNEIn |
hsa-miR-105 S’  T6TGCATCETCOTCAMATCCTCAGACTCCTOTOSTOGCTCTTATSCACCACOGATGTTTOAGCATGIGCTATOSTGT-CTA- 37
Seed sequence
mmu-miR-767 5 AGAATOCATATASGTTTTTACTCARGEACCATECTTGTCTGAGCA- - CATAACATGLTTSTCTCETCATACOCTATGETTCCTCAAGAGEAATCTTARCTOTCTACTO - - m m e e 3’
i EORRRRRTRR v et tnisninnInIn i RRRRRRRRRRRRRRARNRNY PIRer an PERE 1R Y ASRRERAN
hsa-miR-767 57 - AT-ATTOTASGTTTTTOCTCATGCACCATOSTTOTCTEAGCAT GCAG- -CATOCTTS TCTGCTCATACCOCATSSTTTCTGAGCAGGAACCTTCATTSTCTACTOCTTIACKS 37

Seed sequence

Figure 8. Genomic loci of mouse Gabra3, miR-105 and miR-767. A) Schematic representation of
Gabra3 gene and surroundings and of its different transcripts The primers used for RT-qPCR are
represented by the arrows. B) Alignment of mouse (mmu) miR-105 and miR-767 genomic
sequences against their human (hsa) equivalents. In boxes are the sequences of the mature miRNAs.
Their seed sequences are colored in red.
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The canonical protein-coding transcript for Gabra3 (NM_008067.4, labelled #1 here, see
figure 8A) in mice is similar to the human one, comprising 10 exons and a conserved ORF
spreading from exon 2 to exon 10. This ORF encodes a protein of 492 amino acids (aa). The
first exon contains a part of the 5’UTR in both species. In humans, transcription of the CG
mRNA is driven by a bidirectional promoter shared with the gene MAGEA3. This genomic
region is not conserved in mice, as Magea9 (annotated as a pseudogene) is found in the region
corresponding to MAGEA3. A cluster of other MAGE genes is also found in the neighborhood
of MAGEA3 in humans, but not in mice. Sequence alignment of the third exon of MAGEA3
with Magea9 shows a 381 bp region with 67% identity. Despite being annotated as a
pseudogene, 2 transcripts have been reported for Magea9 (Ensembl Genome Browser),
indicating that it is transcribed. These transcripts both at least partially contain the 381 bp
region just mentioned.

Interestingly, a second protein-coding transcript of Gabra3 has been predicted based on cDNA
evidence in rats (Rattus norvegicus). The sequence of this transcript perfectly matches the
mouse genome (ENSMUSTO00000114554.2 on www.ensembl.org, labelled #2 here, see
figure 8A). This putative transcript is similar to the canonical mRNA #1, except for the first
exon, which is different, and for the 10" exon, which is shorter. The first exon of mRNA #2 is
located on the 5’ side of that of the transcript #1 in the genome, thus in closer proximity of the
pseudogene Magea9. If this mRNA exists in mice, it would result in a longer protein (533 aa
instead of 492).

It is worth to note that contradictions exist regarding GABRA3/Gabra3 expression. RNAseq
data from human tissues report the highest GABRA3 expression level in the brain, and lower
levels in colon, breast, prostate and testis (Illumina Body Map, www.genecards.org).
Microarrays in humans even suggest a nearly ubiquitous expression of the gene (biogps.org).
These last data are however unlikely reliable, given the observations of Loriot et al (2014) [89].
Similar microarray data in mice indicate a high expression in the brain and low expression in a
wide range of other tissues (biogps.org). In summary, it seems that human GABRA3 and mouse
Gabra3 are indeed predominantly expressed in brain and lowly expressed in testis, but that it is
not strictly restricted to these tissues.

2.2 Targeting miR-767 in ESCs: production of a conditional allele

As aforementioned, a mouse miR-767 with possible specific inactivation of the miRNA and a
reporter gene allowing to track its expression would be a valuable tool. To obtain such a model,
a strategy was designed inspired by Park et al (2012), who used standard gene targeting in ESCs
to generate conditional alleles of miRNAs containing a LacZ reporter gene (figure 9) [114]. It
was initially planned to flank the genomic locus of miR-767 by a 2 kb 5° homology arm
(containing miR-105) and a 10 kb 3 homology arm in the targeting vector. The shorter 5’
homology arm should allow a PCR-screening of the transfected cells to identify clones with the
recombined allele. After HR, the endogenous region between those arms will be replaced by a
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modified locus containing a LacZ-neo cassette. In addition, recombination sites for the Cre and
Flp recombinases (respectively LoxP and FRT sites) within this replacement locus should allow
the generation of useful variants of the recombined allele. The LacZ-neo cassette, composed of
a LacZ reporter (with a 5” splicing acceptor site and a 3’ poly-A site) and a neomycin selection
marker (NeoR), will be located downstream from the 5* homology arm and upstream from the
floxed pre-miRNA.

Monitoring miR-767 using such an allele presents several advantages. The first one is the
possibility to easily detect expression in situ. Although Northern blot, microarrays and
sequencing have provided huge data about miRNA expression, they are performed from
isolated cells or homogenized tissues and lack spatiotemporal resolution. In situ hybridization
with LNA (locked nucleic acid)-modified oligonucleotide probes is the most widely used
technique for in situ detection of miRNAs [115]. Nevertheless, given the necessary small size
of the probes, specific hybridization is difficult to obtain, and the signal to background ratio is
generally low. Another technique have been developed to visualize expression in vivo, with
transgenic mice expressing a miRNA “sensor”. This sensor consist of a constitutively expressed
LacZ reporter with a 3’UTR bearing complementary sequences for a given miRNA. In presence
of this miRNA, the LacZ reporter is downregulated and the cells appear paler after LacZ
staining [116]. Here again, the weakness of this system is specificity, as other factors could
regulate expression of the LacZ sensor, including other miRNAs with a similar binding
sequence. Specificity is the second advantage of our approach, as LacZ staining will here

miR-105 miR-767
ﬂ targeted allele (lacZ-neo-flox)

Exon1 Exon2

{=i[ Tacz-pA

FRT loxP loxP

" Fip W \ o

conditional allele lacZ-knockout allele
(flox) (lacZ-KO)
0 r\
Exon 1 Exon2
EENETETY-
miR-105 knockout allele
(KO)

Figure 9. Strategy for conditional KO of miR-767 and flexibility of the targeted allele. In the
‘lacZ-neo-flox” allele, thanks to a splicing acceptor site (i), lacZ mRNA will be fused to the
beginning of Gabra3 mRNA. This allele will thus be KO for Gabra3, because of the
polyadenylation signal (pA) downstream of the lacZ reporter. Gabra3 expression will be restored in
the *flox™ and *KO" allele, but not in the *lacZ-KO" allele. (Figure derived from ref [114])
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systematically indicate Gabra3 expression. A drawback, however, is the fact that the reporter
will reflect transcription of miR-767 and its host gene, rather than the presence of the mature
miRNA. Expression of miR-767 could indeed be regulated post-transcriptionally.

As already mentioned, the targeted allele will offer great flexibility, as it can be rearranged for
different purposes by the Cre and Flp recombinase (figure 9). Crossing with mice expressing
Cre will remove the floxed miRNA and NeoR, resulting in a LacZ reporter allele that will be
KO for miR-767. This allele should provide reliable spatial and temporal information on
Gabra3 expression, without any possible interference of the 3-actin promoter that drives NeoR
expression. Crossing with Flp-expressing mice will remove the LaZ and NeoR genes, leading
to a clean functional conditional KO allele, with only two LoxP sites flanking miR-767.
Animals bearing this allele can be used for further crossings with transgenic mice expressing
Cre or CreERT2 (in the germline or in specific tissues), intended to delete the miRNA in a
precise spatiotemporal way.

The starting plasmid used to construct the miR-767 targeting vector contained an ampicillin
resistance gene (AmpR) for bacterial selection and a ccdB cassette for gateway recombination.
The latter was composed of the ccdB gene and a chloramphenicol resistance gene (CmR),
surrounded by AttR sites for LR gateway recombination. Figure 10A shows the sequential steps
of construction. The first step was the insertion of the floxed miR-767 sequence on the 3’ site
of the ccdB cassette. This miR-767 insert (645 bp) was obtained by gene synthesis, with LoxP
sites designed at a distance of 225 bp on both sides of miR-767 genomic sequence. HindIII
restrictions sites were included at both extremities of the synthetic fragment to facilitate its
insertion into the plasmid. A Fsel site and a Pacl site were also included, to allow respectively
the later insertion of the 3’ homology arm and the linearization of the targeting vector before
transfection in mESCs.

The next step was the insertion of the short 5° homology arm. This 2 kb fragment was obtained
by PCR amplification using a BAC DNA (bMQ120-c13) as a template, and inserted on the 5’
side of the ccdB gene. Then, an LR gateway recombination was performed to replace the ccdB-
containing gateway cassette by the LacZ-neo cassette. This gateway reaction requires
recognition by an LR clonase of AttL and AttR sites, respectively on the donor plasmid and on
the destination plasmid. Those sites are then recombined to form AttB and AttP sites, with
exchange of the gateway cassettes between the two plasmids. Removal of the ccdB gene
allowed positive selection of the recombined vector, using non-ccdB competent bacteria that
cannot survive if they contain a non-recombined plasmid bearing the ccdB gene.

The last and most challenging step was the addition of the long 3* homology arm. By contrast
to the 5° arm, the region covered by this arm (38,9% C-G) contains numerous T-stretches and
other highly repetitive sequences, rendering PCR amplification difficult. These repetitive
sequences can be highlighted by dot plotting the sequence of that fragment against itself
(figure 11C). This reveals a large duplicated region of over 1kb in the central region,
represented by 2 parallel lines on both sides of the central alignment. Several palindromes of
over 200 bp are also present, represented by smaller secant lines.
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Figure 10. Construction of a targeting vector for standard homologous recombination. A)
Schematic representation of the construction steps to obtain the targeting vector. B) Alternative
strategy for the cloning of the long 3’ arm, with inclusion of a 7,7 kb, Spel-Stul restriction fragment
within a 1 kb PCR product, to be cloned in the final vector after Fsel restriction.
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Therefore, an alternative strategy was developed (figure 10B). A 1 kb fragment, covering the
5’ part of the arm before any repetitive pattern, would be PCR-amplified and cloned into an
intermediate plasmid. Spel and Stul restriction sites within this fragment would then allow
insertion of a restriction fragment containing the 3’ part of the arm (7,7 Kb).

Whereas the 1 Kb PCR fragment was easily cloned into the intermediate plasmid, addition of
the Spel-Stul restriction fragment proved to be difficult. The Stul restriction site within the PCR
fragment overlapped a dcm methylation site. As Stul is blocked by such methylation patterns,
the construct was amplified in a dam-/dcm- bacterial strain.

Twenty-five fragments were supposed to be generated after double restriction of the BAC clone
bMQ120-c13 with Spel and Stul. As the sticky ends generated by Spel are incompatible with
the blunt end of Stul cutting, only 8 BAC fragments could potentially be cloned into the vector.
Southern blot was performed on bMQ120-c13 digested with Spel and Stul to confirm the
presence of the expected 7,7 Kb band. The hybridization probe used for Southern analysis was
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Figure 11. Assembly of the 3’ homology arm. A) Southern blot on the restriction product of BAC
DNA with Spel and Stul. Electrophoresis of the restriction product is shown on agarose gel (on the
left) and after Southern blot (on the right). B) PCR screen of the 2 positive clones picked on agar
plates, with positive (BAC DNA) and negative (water) controls (oligos 5 and 6 in appendix B). C)
Dot plot of the 8,5 kb region immediately downstream of miR-767 against itself, comprising the |
kb PCR fragment and the 7,7 kb restriction fragment. D) Dot plot of the sequence of one of the
fragments cloned into the intermediate construct against the expected 7,7 Kb restriction fragment,

Page | 23




Olivier Svensek 2014-2015 Unamur

a 20 bp-long oligonucleotide, designed to specifically bind the fragment (available in
appendix B). As expected, a unique band of about 8 kb was observed (figure 11A). The whole
restriction product was ligated with the double-digested vector, and the ligation product was
introduced in bacteria by electroporation. As a PCR screening of colonies randomly picked on
agar plates gave no positive result, screening was performed by hybridization, using the same
oligonucleotide probe used for the Southern analysis. By this way, positive colonies were
detected, and 2 were isolated. Both were also positive in PCR screening with primers located
inside the insert (figure 11B).

Restriction profile and sequencing of the plasmid DNA extracted from these 2 clones, however,
revealed that neither contained the expected insert. Instead of the 7,7 Kb fragment, these inserts
were shorter and matched the sequence of the expected 3° homology arm in a discontinuous
way, suggesting that rearrangements occurred (figure 11D).

2.3 CRISPR/Cas9-mediated KO of miR-767 in mouse ES cells

Given the difficulties to obtain the desired targeting vector, an alternative strategy was
elaborated using the recently developed CRISPR-Cas9 technology. This strategy was meant to
generate miR-767 KO cells by causing short deletions in the sequence of pre-miR-767 that
would make proper processing into a mature miRNA impossible, either by profoundly altering
the hairpin structure or by a deletion affecting the mature miR-767 sequence. The Cas9 nickase
was selected over the WT nuclease for its higher specificity and reduced off-target activity.
Two distinct pairs of guides were designed using the online “CRISPR Design Tool”
(http://crispr.mit.edu/, Zhang Laboratory). Each pair was composed of two RNAs, each
targeting a protospacer on one DNA strand within the pre-miR sequence (figure 12A). The
offsets were 14 bp (pair 1) and 25 bp (pair 2), creating 5° overhangs of respectively 54 bp and
65 bp. Targeting two different loci presents two advantages. First, some RNA guiding pairs
may be more efficient than others. Testing several pairs thus increases the odds of success.
Second and most important, other targets also means other off-targets. Therefore, the mutants
obtained with distinct pairs are expected to contain different (if any) off-target mutations, which
are unlikely to cause similar artefactual phenotypes. Two different plasmids were also tested to
compare their efficiency, namely pX334 and pX335. While pX334 separately produces a
prectRNA and a tracrRNA, pX335 codes for a chimeric sgRNA. Another difference between
the 2 plasmids is the absence of selection marker in pX335 (which thus has to be co-transfected
with another plasmid to allow selection), while pX334 contains a puromycin selection marker.

CRISPR/Cas9-mediated targeting of miR-767 was performed in mESCs, so that KO clones
could potentially be used to generate KO mice. Furthermore, as mESCs express 7Tet/ and Tet2
mRNAs, 2 potential targets of mouse miR-767, the effect of miR-767 KO on TET expression
levels can be assessed in those cells, provided that expression of Gabra3 can be induced. After
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transfection, short selection and cloning by dilution, 39 clones were isolated. DNA was
extracted from those clones, and a DNA fragment covering the region targeted by the RNA
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guides was amplified by PCR, in order to sequence the miR-767 locus (data not shown). PCR
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Figure 12. Simple KO of miR-767 using the Cas9n. A) Schematic representation of the targeting
strategy, with the 2 sgRNA pairs used, their offsets and the overhangs produced. The PAMs are
represented in orange color, next to the protospacers (in blue). In blue box is the genomic sequence
of miR-767 (corresponding 1o the pre-miRNA). Sites of cleavage by Cas9n are represented by the
red arrows. B) Genotyping of the isolated ESC clones. Deleted sequences are marked in orange.
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amplification failed for 10 clones transfected with pX335 (producing chimeric sgRNAs).
Sequencing of the 29 remaining clones revealed that 11 out of 16 clones generated by the
pX335-derived plasmids, and 2 out of 13 with the pX334-derived plasmids, had small deletions
in the pre-miR sequence (figure 12B). Interestingly, efficiency does not seem reduced when
using the RNA guides with the 24 bp offset, although the recommended optimal range is 4 to
20 bp. Indeed, all the clones obtained with these guides were mutated with pX335, and 2 out of
6 with pX334.

Encouraged by this successful targeting through NHEJ, we decided to use the CRISPR/Cas9
technology to facilitate HR using our “incomplete” targeting vector, containing 2 short
recombination arms (the 2 kb 5* arm and the 1 kb PCR fragment as 3’ arm), as a double-strand
DNA donor molecule (figure 13A). For “spontaneous” homologous recombination in ES cells,
long homology arms are required. By contrast, the CRISPR technology has been shown to
promote HR using DNA donors containing smaller homology arms. Targeted DSB to promote
HDR events will be mediated by the Cas9n guided by two sgRNA pairs on both sides of the
endogenous mir-767 locus.
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Figure 13. Targeting strategy for homologous recombination using the Cas9n. A) Schematic
representation of the genomic locus targeted and the dsDNA donor. Two sgRNA pairs will be used
on both sides of miR-767, that will be specific for the unmodified, endogenous allele. B) Schema of
the possibilities of modification of the allele.
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A crucial point when designing sgRNAs for HR is to ensure that the guides are specific for the
WT allele, but will not be able to target the locus after HR has occurred, thereby damaging the
targeted allele by indel formation. For this reason, the sgRNA pairs previously used for direct
KO were not suitable here. Two new sgRNA pairs were designed, targeting both sides of the
miR-767 locus (figure 13A). The first one is located near the 5 homology arm and overlaps the
insertion site of the LacZ-neo cassette, so that after HR, the 2 sgRNAs will be separated by
around 7 kb, limiting their action to single nicks that will be too distant to generate DSB. This
pair has an offset of 29 bp and will generate a 5° overhang of 69 bp. The second sgRNA pair is
located near the 3° arm, has an offset of 34 bp and will generate a 74 bp 5 overhang. In the
recombined allele, addition of a LoxP site will lengthen the offset, up to 68 bp, which is
expected to importantly reduce the possibility of additional indel formation. Because these
requirements limit the choice of potential protospacers, the offsets of both sgRNA pairs are
slightly out of the recommended range. Nevertheless, this range has been established for indel
formation through NHEJ, and although efficiency is then decreased with increasing offsets,
indels are still observed with offsets up to 100 bp [107]. This means that indels might still occur
with the 3 sgRNA pair, even after HR.

CRISPR/Cas9-mediated gene targeting will be attempted with a single or two DSB. One cut
with the 5° sgRNA pair may be sufficient to induce recombination. However, the neomycin
selection will only apply as far as the NeoR gene. miR-767 locus and its surrounding sequences,
included in the dsDNA donor, are also homologous to the endogenous locus. These sequences
could therefore mediate recombination events that would not comprise the terminal 3’ LoxP
site. Two DSB generated with both sgRNA pairs could enhance occurrence of recombination
events including the entire modified miR-767 allele. Moreover, a second sgRNA pair could
serve as a “second chance” in case of a first undesired indel event (figure 13B).

2.4. Expression of Gabra3 in mouse tissues and in demethylated cells

Another focus of the project was to characterize GABRA3 expression profile in mouse and to
determine whether DNA hypomethylation could induce expression of a CG-transcript as was
shown in humans. To this purpose, pairs of primers were designed in several exons of Gabra3
to perform RT-PCR analyses. As no alternative (CG)-transcript has been reported in the mouse
so far, we designed the primers (see figure 8 A, materials and methods and appendix B) in the
known protein-coding transcript, which should correspond to the BG mRNA. A first pair of
primers (a-c), should be specific for the putative BG transcript, with the sense primer (a) located
in the first exon and the antisense primer (c¢) in the second exon. A second pair of primers (d-¢)
located in downstream exons should amplify ¢cDNA corresponding to both BG and CG
transcripts.
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2.4.1. Gabra3 expression in mouse tissues

Gabra3 expression was first assessed in a small panel of tissues by RT-PCR. Gabra3 mRNA
was only detected in the brain after a single row of amplification, with both sets of primers (data
not shown). To increase sensitivity, nested PCR was performed, using 2 additional primers.
This allowed detection of Gabra3 in brain and testis as expected, but also in liver and intestine
(figure 14A). However, those results are mainly qualitative, and even extremely low expression
levels could result in a signal after so many PCR cycles (60 cycles). In order to obtain
quantitative data, QRT-PCR was carried out (figure 14B). Amplification with primers a-c,
supposed to be specific for the BG transcript, repeatedly provided aberrant CT amplification
signals. PCR amplifications with the other pair of primers (d-e¢) were consistent with our
previous observations. The highest expression was observed in the brain, as expected, and lower
levels were observed in other organs, namely testis (about 0,06% of brain expression), spleen
(about 0,93% of brain expression) and intestines (about 0,12% of brain expression). Expression
appeared more important in spleen and intestine than in testis. This is not in favor of the
proposed BG expression profile of Gabra3, but is rather consistent with expression data
reported in databases for both mouse and human GABRA3/Gabra3 genes.
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Figure 14. Gabra3 expression in tissues. A) Nested RT-PCR in several tissues, with primers specific
for the putative BG transcript (a+c), or for total Gabra3 mRNAs (d+e). B) RT-qPCR on (total) Gabra3
(d+e) in some tissues, normalized by GAPDH expression, and expressed as a percentage of brain
expression. C) Nested RT-PCR on the putative transcript #2 in brain and testis.
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Nested RT-PCR was also performed to specifically detect the putative transcript #2 of Gabra3
in brain and testis, with primers located in the first and second exons (b-c). Expression was
detected in both tissues, with a stronger signal in brain (figure 14C). Therefore, this transcript
does not correspond to a CG variant.

2.4.2. Induction of a putative CG-Gabra3 by DNA demethylation

Although the canonical Gabra3 mRNA (#1) did not seem to be restricted to brain and testis as
previously suggested, It was still to be determined whether an alternative CG transcript (specific
of cancer cells and of the germline), could be induced by DNA demethylation in mouse cells.
For that purpose, NIH3T3 mouse fibroblasts were treated with the DNMT inhibitor 5-azadC.
This drug is known to reduce proliferation and to display an important cytotoxicity. Those
effects should be avoided as much as possible, as 5-azadC-induced demethylation is passive
and therefore replication-dependent. To determine a concentration of the drug to use, cells were
first cultured for 3 days in medium containing 1uM, 2uM and 4uM of 5-azadC, and viable cells
were counted. Cytotoxicity was clearly observed, but no evident difference was observed
between the different concentrations (figure 15A). Of note, important cell mortality was noticed
from the second day of treatment, suggesting that the duration of treatment may be more
important for toxicity than the dose, at least in the range of concentrations used here.

We tried to determine a duration of treatment suitable to induce DNA demethylation. Mouse
3T3 fibroblasts were cultured with 2 uM 5-azadC for 24h, 48h and 72h before RNA extraction.
Cells were also counted to evaluate the toxic effect of the drug with time. An important
cytotoxicity was observed (figure 15B), the total number of cells decreasing after 3 days of
treatment. DNA demethylation was evaluated indirectly, by following the expected induction
of Magea5, a CG gene that has been shown to be induced in L1210 lymphocytic leukemia cells
treated with 5-azadC [117]. Expression of Magea5 was not detected by RT-qPCR in untreated
cells, but was indeed induced by 5-azadC treatment. Induction was already detectable after 24h,
and increased with time (figure 15C). After 72h, Magea5 was expressed up to about 0,3 % of
its expression level in testis. By contrast, no significant induction of Gabra3 could be observed
(data not shown). Actually, given high cell mortality, RNA amounts extracted from the
surviving cells and engaged in RT-qPCR were small for some samples. Gabra3 mRNA was
only detected in the last PCR cycles, in both untreated and treated cells.

To try to improve induction of Magea5 and to induce Gabra3, another protocol of DNA
demethylation was implemented. Instead of a continuous treatment, 5-azadC was administered
to the cells twice: at time “zero” and after 48h. Each time, the treatment was maintained for
24h. This turned up to be less aggressive for the cells, which could be harvested 120h after the
first administration, allowing more time for the demethylation process to take place. Two
concentrations of 5-azadC (2 uM and 4 uM) were tested. RNA levels of Gabra3 and Magea$
were estimated by RT-qPCR. MageA5 RNA was clearly induced (figure 15D). As no evident
difference was observed between the 2 concentrations of 5-azadC regarding Magea5 induction,
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the data from cells treated with 2 uM and 4 uM were pooled and compared with those
previously obtained after only 72h of continuous treatment (figure 15E). Here, MageA5 reached
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Figure 15. DNA demethylation in 3T3 fibroblasts with 5-azadC. A) Cell counts (average of 2
replicates) after 3 days of treatment with different concentrations of the drug. B) Percentage of
surviving cells (compared to untreated cells) treated with 2 uM of 5-azadC after 24h, 48h and 72h
(mean =SEM). Expeniment was performed on 3 replicates, and statistical analysis was made with
ANNOVAL. C) Mageas inducti on with time, expressed as a percentage of expression in testis (mean
=SEM). Cells were treated at 2 uM in triplicates. D) Magea5 expression in untreated cells, and after
120h of treatment. Cells were treated in duplicates for the 2 concentrations. E) Comparison of
Mageas expression after a continuous treatment of 72h (N=3) and after a discontinuous treatment of
120h (N=4) (mean =SEM). Statistical analysis was performed using non parametric Mann-Whitney
U test. F) Gabra3 induction after 120h of treatment (N=4) compared to untreated cells (N=5),
expressed as a percentage of average expression in untreated cells (mean £SEM). Statistical analysis
was made using non-parametric Mann-Whitney U test.
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expression levels representing about 7% of its expression in testis, which was significantly more
than after 72h of treatment (around 0,3%). A weak (2,5 fold) but significant induction of
Gabra3 was also observed in cells treated for 120h compared to untreated cells (figure 15F).
Importantly, expression of Gabra3 was already detected in untreated cells.

In all qRT-PCR experiments described, the BG specific primers still systematically generated
aberrant results, rendering impossible any comparison between the levels of BG transcripts and
total Gabra3 transcripts (BG + putative CG).

2.4.2. 5’RACE on Gabra3 mRNAs

To our knowledge, no previous study has been carried out to characterize the 5’ end of mouse
Gabra3 mRNA(s). In order to determine the 5° end of the canonical Gabra3 transcript (#1),
and with the hope of identifying a CG- transcript induced by DNA hypomethylation, a 5S’RACE
(for 5° Rapid Amplification of cDNA Ends) experiment was carried out on RNA from mouse
brain and testis, and from NIH3T3 cells treated with 5-azadC.

In summary, the 5’RACE method consists to generate a circular cDNA containing the 5’ region
of the mRNA to be characterized, surrounded by known sequences (figure 16A). This cDNA is
produced by targeted reverse transcription (RT), and is self-ligated. The reverse transcription
was specifically achieved on Gabra3 transcripts, using an antisense primer located in exon 5.
After degradation of the RNA template, the ssDNA was circularized, and nested PCR were
performed to amplify the 5’ region (see material and methods and appendix B for sequences of
the RT primer and of the PCR primers). On the linear cDNA, the sense and antisense (S and R)
PCR primers are oriented respectively toward the 3’ end and the 5” end of the transcript. On the
circularized cDNA, they amplify the 5’ region of interest.

No PCR products could be obtained using RNA from testis or demethylated 3T3 cells
(figure 16B). By contrast, PCR products of several sizes were produced from the brain (figure
16B). These fragments were cloned by “TA cloning” and sequenced. Alignment (BLAST) of
the sequences with the mouse genome lead to the identification of 2 distinct transcripts of
Gabra3 (figure 16C). The first one corresponded to the known canonical transcript (#1), whose
complete sequence was already recorded in databases. The second one, by contrast, had not yet
been reported. In this novel transcript (#3), the first exon of the canonical mRNA is replaced
by two alternative exons of respectively 86 bp (exon 1) and 198 bp (exon 2). These exons are
located approximatively 92 kb and 84 kb upstream from exon 3. The third exon of the
alternative transcript #3 corresponds to exon 2 of the canonical transcript #1. Translation of this
novel mRNA should result in a protein containing 51 additional aa, with an ORF starting in
exon 2 (figure 17). The putative aa sequence corresponding to transcript #3 was analyzed using
the InterPro database (http://www.cbi.ac.uk/interpro/), but no additional protein domain could
be identified.
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Figure 16. 5’RACE on mouse Gabra3. A) Schematic overview of the 5'RACE technique. The RT
} primer and the sense (S) and antisense (R) PCR primers are represented by the arrows. B)

Electrophoresis of the nested PCR poducts. The *RT control’ corresponds to brain RNA that did not

undergo reverse transcription. C) Comparison of the 2 transcripts of Gabra3 identified by 5’RACE:
| the canonical transcript #1 and the novel transcript #3.

Other 5’RACE products of different sizes were also observed (figure 16B). They corresponded
to chimeric cDNAs or to truncated transcripts. The reason why no RACE products were
obtained from testis and demethylated cells is not known, but this may be due to the low
expression level Gabra3 in these samples. Of note, the putative transcript #2 was not found
among the brain RACE products.

By analyzing the CG-transcripts obtained by S’RACE in humans, our collaborators from UCL
noticed that some of the alternative exons they characterized matched exon predictions
established from RNAseq data. It was thus asked whether similarly predicted mouse exons
could also be part of a CG-Gabra3 mRNAs. Two such predictions were tested by RT-PCR.
For each prediction, two sense primers (sequences available in appendix B) were designed and
used on cDNA samples from brain and testis together with an antisense primer (c) located in
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exon 2 of Gabra3. After 2 rows of amplification, a PCR product was obtained from testis cDNA
(data not shown). However, its sequence did not match with chromosome X, indicating that it
resulted from an unspecific amplification.

GA CAC TG TGA JGA CT AAG TIA CT CGA GAC GGT TCTr TAT GIC AGC ACA CCT
H S . o L K L L R D G S ) 4 v S T P
CAC T CC TIA GTA CGG GAT TAT GAC AAG CAT T CTA AAT GGA (GG AGA ATG
H L L L v R D Y D K H P L N G R R M
AGG GTC AAG AAG TTA AGA AAA GIT ATC TGA CIC AGG AAG GTC AGA AAC ATT  ATG
R b 4 K K L R K v | . L R K v R N ! M
GCA ATA AAC AAT GIC TGG GGA ACA CAT ACT CCC TCC CIG ATT  CTC  TGT GGA AAT
A i N N Vv w G T H T P S L I L C G N
TGC CAG ACA (TG AGC TCA AGA GAT TCA GCT TIT ATG GCC CCT CAT TCA TAT GAA
C Q | 4 L S S R D S A F M A P H S Y E
CIC ACA GGT CTC TIC AAG TIG CIG TCTr AAG AAG ATG ATA ATC ACA CAA  ATG  TGG
L T G L F K L L S K K M 1 1 T Q M w
T TAT GIG ACC AGA GIT GTA T (X CC GG AT AGT AT CTC T GGA ACC
F ¥ v T R A\ v L L L L 1 S 1 L 4 G T
AGC CAA GGG GAA
S Q G E

Figure 17. 5’ sequence of the novel transcript #3. The sequence is noted from 5’ to 3’, with its
translation into aa sequence in the same reading frame as the canonical protein. The additional aa
sequence is indicated in red, and is followed by the canonical sequence (in black).

2333 Characterization of miR-767 expression

Because miR-767 is hosted within the second intron of Gabra3, miR-767 and Gabra3
expressions are expected to be coordinated. However, mouse miR-767 expression has not yet
been documented. It was thus decided to perform experiments aimed to detect the mature
miRNA. A gRT-PCR detection method was chosen, in order to obtain quantitative data. Mature
miRNAs are too short to allow hybridization of 2 PCR primers, but strategies have been
developed to circumvent this problem. In the RT-qPCR platform chosen here (Exiqon), a 3’
poly-A tail is added before reverse transcription, which allows hybridization of an anchored RT
primer bearing a 5” extension (a “universal” tag) (figure 18A). qPCR is then performed using a
miRNA-specific primer and a universal primer complementary to the extension. These PCR
primers are LNA primers, which improve specificity of the system [118]. This method was
applied on RNA from mouse tissue and NIH3T3 cells treated with 5-azadC. No signal was
obtained, possibly because of a too low expression level of miR-767.

As low expression of Gabra3 and of its associated miRNAs could account for absence of
detection, optimization of the RNA extraction method was undertaken. RNA samples tested so
far had indeed been extracted using TRIzol reagent and ethanol precipitation, which could result
in poor yield of miRNAs. A specialized purification kit (miRNEASY Mini kit, QUIAGEN)
was used to extract RNA from several parts of the brain (olfactory bulb, cortex and cerebellum)
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and from testis. Once more, no detection was observed by qRT-PCR. miR-105 expression was
also analyzed, and was detected in cortex and testis, with about 2-fold higher expression in
testis (figure 18B). However, as qPCR signals were only observed in the last amplification
cycles (32-35), these results may not be fully reliable. U6 and Snord68 RNAs (the 2 endogenous
controls) and a spike-in control (synthetic RNA molecules provided with the Exiqon
amplification kit) were detected in all those RT-qPCR experiments, indicating that the quality
of RNA was appropriate, and that the RT and PCR reactions worked (data not shown).

To validate the QqRT-PCR detection method for miR-767 and to ensure that absence of detection
did not result of a failure of the miR-767-specific primers, it was decided to include positive
controls. A first control was to force expression of miR-767 and miR-105 in murine cells, by
transfecting expression vectors driving their expression. Genomic fragments containing
miR-767 or miR-105 were cloned into pCA-B-EGFPm5-mU6, downstream of the strong RNA
pol III mouse U6 promoter. In this vector, expression of the cloned miRNA is coupled with
expression of the fluorescent protein EGFP [119].

The miR-767 and miR-105 vectors were independently transfected in NIH3T3 fibroblasts, and
transfected EGFP-positive cells were observed at the microscope to confirm expression of the
transgene (figure 18C). The fraction of EGFP-positive cells appeared low, indicating a low
efficiency of transfection. RNA was extracted from the transfected cells using the miRNEASY
Mini kit (QUIAGEN), and RT-qPCR was carried out to detect both miR-105 and miR-767. A
synthetic miR-767 RNA oligonucleotide was used as a spike-in positive control. Based on a
previously established relation between CT values and spike-in synthetic oligonucleotide
concentrations, 2 amounts of the synthetic miR-767 were engaged in 2 independent RT-qPCR
reactions (4 ul of dilution at 400 amol/ul or 200 fmol/pul in 10 pl of PCR reaction ) [120].

As expected, miR-105 and miR-767 were detected only in the cells transfected with the
corresponding expression vector (figure 18D). This demonstrates that murine cells are able to
process both miR-105 and miR-767 sequences into mature miRNAs, and should thus also be
able to process them from their endogenous host: the pre-mRNA of Gabra3. Detected levels
of miR-767 were much lower than those of miR-105 (around 5% of miR-105). However, it is
impossible to determine which factor(s) account for this difference: transfection efficiency
(although no evident difference was observed), efficiency of miRNA processing, miRNA
stability or RT-qPCR detection efficiency. The synthetic miR-767 spike-in was also detected,
with CT values approximately corresponding to expectations according to the starting amounts
(figure 18E).
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for statistical analysis. E) CT values obtained by miR-767 detection at the 2 concentrations tested

for synthetic miR-767 spike-in.
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3. DISCUSION AND PERSPECTIVES

In conclusion, much remains to be investigated regarding Gabra3 and miR-767 expression in
mice. The canonical transcript of Gabra3 (#1)was detected in brain and testis, but also in spleen
and intestine. These results do not fit entirely with the initially proposed BG expression profile,
but are consistent with microarray and RNAseq data from human and mouse tissues indicating
that Gabra3 is mainly expressed in the brain, but also at low levels in other tissues, including
testis. This, however, does not exclude the possibility of a CG-specific transcript that would be
induced by DNA hypomethylation.

To assess this, mouse NIH3T3 fibroblasts were treated with 5-azadC to induce DNA
demethylation. Although the treatment induced the CG gene Mageas, it only resulted in a low
induction of Grabra3, which was already detected in untreated cells. This could be due to
shallow demethylation, and the procedure to demethylate cells with 5-azadC may be optimized.
Indeed, Lim et al (2010) reported that while continuous exposure to 5-azadC at concentrations
from 1 to 5 uM was efficient to promote demethylation of repetitive elements in NIH3T3 cells,
a dose of 0,1 uM was much more efficient to demethylate genic regions [121]. Induction of
Magea5 and Gabra3 might thus be improved by optimizing the dose range, and maybe by
increasing the duration of 5-azadC exposure. Other factors could also impact on Gabra3
expression, some of them depending on the cell type. Demethylation of other cell types should
be attempted. It would also be interesting to investigate the methylation and expression status
of Gabra3 in a panel of mouse malignancies, compared with healthy tissues.

Our qPCR data revealed that Gabra3 displays low expression levels, excepted in the brain. In
such qPCR analysis, there is a restricted range where the CT values are a linear function of
mRNA concentration. As the CT values were frequently over 30 (meaning that more than 30
PCR cycles were required for detection), one could wonder whether expression levels inferred
from those results are accurate in terms of quantification. Establishing the range of linear
relation between Gabra3 expression and CT values would be necessary to determine the
relevance of those results.

Regarding Gabra3 alternative transcripts, S’RACE was performed on brain, testis and
DNA-demethylated cells, to characterize the 5° part of Gabra3 mRNA and to try to identify a
CG transcript. A novel transcript was identified in the brain, potentially coding for a protein of
543 aa, with a putative N-terminal extension of 51 aa with respect to the canonical protein
encoded by Gabra3 #1. No additional domain was identified in this extension. Still, the
N-terminal signal peptide (aa 1 to 28) of the canonical protein would be shifted 51 aa
downstream. If such a protein is produced, the presence of the extension should have
repercussions on the protein addressing, trafficking or properties. Although potentially
interesting regarding Gabra3 functions, this mRNA is of limited interest for our project. Indeed,
it was identified in the brain and does not correspond to a possible CG transcript. The 5’RACE
experiment failed to identify Gabra3 transcripts in testis and in NIH3T3 cells treated with 5-
azadC, where the putative CG-specific alternative transcription was expected to occur. The
reason for this is unknown, but other 5S’RACE should be attempted. Ideally, this experiment
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should be performed using RNA containing only Gabra3 transcripts induced by DNA
hypomethylation. Such template could originate either from tumor cells derived from tissues
which do not normally express Gabra3, or from cells in which Gabra3 would have been
sufficiently induced by 5-azadC treatment.

Given that the human genomic locus of MAGEA3, on the 5° side of GABRA3, is not conserved
in mice, it is possible that a DNA demethylation-induced transcription from an alternative TSS
does not exist in mice. Although studying the biological function of miR-767 in mice would
still be relevant, its possible expression (and thus function) in mouse cancer is still an open
question. As already mentioned, a CG-transcript could possibly be identified by reiterating cell
demethylation and 5’RACE, or by characterizing expression of Gabra3 in mouse cancer cell
lines. It would also be interesting to determine whether a transcript originating from Magea9
could be induced by DNA demethylation. To date, Magea9 is annotated as a pseudogene, but
non-coding transcripts have been observed and reported. RT-PCR could be performed on
cDNA from demethylated cells or testis to detect Magea9 mRNA. If the promoter of Magea9
can be activated by DNA methylation as the human MAGEA3, it may also drive transcription
of a CG transcript of Gabra3.

Regarding the expression of the mature forms of miR-767 and miR-105, the detection method
must be improved to further analyze mouse tissues or cells. In our hands, detection of
endogenous expression appeared barely possible in brain and testis for miR-105, and was not
possible for miR-767. Transfection of NIH3T3 cells with expression vectors bearing the
sequences of premiR-105 or pre-miR-767 allowed detection of both miRNAs, but a lower signal
was observed for miR-767. This may be due to a less efficient processing of miR-767, to a
differential post-transcriptional regulation, or to a differential efficiency of the RT-qPCR assay.
A synthetic miR-767 spike-in, included in the RT-qPCR procedure, was successfully amplified
at 2 different concentrations. Such spike-in control could also be included for miR-105,
allowing to establish a relation curve between spike-ins concentration and corresponding CT
values for both miR-105 and miR-767. Any differential technical efficiency of detection would
thus be highlighted, and could be taken into account. Anyway, those results indicate that murine
cells are able to produce mature forms of miR-105 and miR-767 from their pre-miRNAs.
Therefore, it would be reasonable to consider that Gabra3 expression is a good indicator of
miR-105 and miR-767 expression.

Little can be done to further improve the sensitivity of the RT-qPCR assay. The RNA extraction
method used is supposed to be efficient'. It is still possible to enrich extractions for short
(<200 bp) RNAs, but this procedure also reduces the global extraction yield and has been shown
to have a variable effect on the miRNAs, inducing changes in relative levels [122]. Other gPCR
platforms exist that could be tested, some of them using TagMan probes and a different reverse
transcription strategy. However, sensitivity could be lower than that of the SYBR Green
method. Some post-transcriptional modifications in the 3” part of miRNAs can affect detection
levels of those platforms more than those using the universal tagging strategy [123]. Indeed,

! « Evaluation of miRNA Extraction Methods », D. J. Hollingshead et al, GPCL, University of Pittsburgh, 2007
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mature miRNAs can exist in several forms called isomiRNAs, the most abundant of which is
not necessarily the mature form referred in miRBase [124].

Frozen brains from the Gabra3 KO mice have kindly been provided by Dr. Uwe Rudolph.
Although no functional protein is produced in those mice, expression of miR-105 and miR-767
are probably unaffected. Indeed, the mutation in Gabra3 consists of a duplication of exon 4,
downstream from the miRNAs. The mutant Gabra3 mRNA could be degraded by nonsense-
mediated mRNA decay [95]. Nevertheless, as miRNA cleavage by Drosha has been shown to
occur transcriptionally, miR-105 and miR767 should be excise from their pri-miRNA before
degradation [125]. It would thus be worth investigating expression of miR-105 and miR-767 in
those mice. However, as expression is barely detectable in WT mice brain, detection in Gabra3
KO brains may be hazardous. Improving the detection method of miR-105 and miR-767 would
be necessary before risking to waste those brain in chancy RT-qPCR experiments.

Although base-pairing predictions indicate that the 7ef mRNAs are potential targets of miR-767
in mice as in humans, they are not sufficient to conclude in a conserved regulatory function of
miR-767 on those proteins. Therefore, luciferase assays should be performed on transfected
cells, using a miR-767 mimic molecule and plasmids encoding a luciferase gene grafted with
the 3’UTRs of the Tet mRNAs. Conservation of this regulation is indeed important for the
relevance of the characterization of miR-767 functions in mice.

Particular emphasis has been placed in the generation of miR-767 KO. Using the CRISPR/Cas9
technology, several clones of mESCs with a simple loss-of-function mutation of the miRNA
have been obtained. According to databases (GEO Profiles and biogps.org), Gabra3 expression
may be detected at very low levels in these cells. Treatment of those cells with 5-azadC could
be attempted in the aim to induce the gene. It will first be verified that the miR-767 mutations
do not affect expression of Gabra3. If DNA demethylation induces Gabra3 mRNA and
miR-767 in those cells, then the effect of miR-767 deficiency on TET1 and TET2 protein
expression levels could be assessed. If the protein levels are upregulated, it will not only
confirm the inhibitory function of miR-767 on Tet/ and Tet2 mRNAs, but also indirectly
provide evidence of mature miR-767 expression.

As ESCs are pluripotent, they can potentially be differentiated in all the cell types originating
from the inner cell mass, including neurons expressing Gabra3. Protocols have been established
to differentiate mESCs into neural precursors able to generate neurons [126]. Provided that
Gabra3 is expressed in neurons derived from mESCs, and as TET1 and TET3 are thought to
intervene in this differentiation process, a comparison could be made between differentiations
of WT and miR-767-deficient mESCs.

The conditional KO allele with an embedded LacZ reporter (LacZ-neo-flox) would be precious
to obtain reliable information about Gabra3 expression, complementary to those obtained by
qPCR analyses. When attempting to clone the long 3’ homology arm of the targeting vector,
rearrangements occurred, likely due to plasmid instability caused by the repetitive sequences
contained in this region. Palindromic repeats, which are found at several places in the sequence,
are indeed known to confer instability or “unviability” of the host plasmid by forming secondary
structures [127]. Consequently, the initially desired targeting vector could not be achieved.
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Another strategy has been undertaken, using the CRISPR/Cas9 technology to facilitate HR
events, allowing to reduce the size of the homology arms of replacement targeting vectors. A
shorter targeting vector will thus be used as a dsDNA donor template for HR in mESCs.

Plasmids driving expression of the Cre or the Flp recombinases will be transfected in the
targeted cells to ensure that these recombinase are able to modify the allele into the LacZ-KO
allele, the conditional (flox) allele or the KO allele. Finally, we will verify that the KO of
miR-767 does not prevent expression of its host gene, by assessing Gabra3 expression in cells
with the KO allele. If Gabra3 cannot be induced by demethylation in mESCs, these cells could
be differentiated in Gabra3-expressing neurons. After validation of the targeted allele in
mESCs, transgenic mice will be generated by blastocyst injection.

The LacZ-KO allele will allow detection of Gabra3/miR-767/miR-105 in tissues, with a
cellular resolution. This reporting may not be entirely reliable for the presence of the mature
miR-767, but it is reliable for its transcription. It has been shown in mice that Gabra3 mRNA
is ubiquitous and abundant in the brain during embryonic development, but displays a post-
natal decline, as a switch occurs to the al subunit of the GABAA receptor [128]. In the adult
brain, Gabra3 expression is restricted to cortical neurons [129]. Co-transcripted with Gabra3
in early stages of life, miR-767 may thus have an important function in brain development and
neuron differentiation, possibly by regulating the TET proteins.

Post-transcriptional modification of Gabra3 mRNA through RNA editing has been shown to
play a role in the switch towards the a1 subunit after birth. Adenosine-to-inosine (A-to-I) RNA
editing is mediated by the ADAR deaminases, which recognize dsRNA that can result from
mRNA folding. Inosine in exonic sequences is then recognized as a guanosine during
translation. RNA editing predominantly occurs in the brain [130]. Adenosine to inosine
conversion by ADAR1 and ADAR?2 on a specific site of exon 9 of Gabra3 mRNA results in an
aa change (isoleucine to methionine), with altered pharmacological properties of GABA
response [131][132]. This process is conserved between mice and humans, and the protein
resulting from edited mRNA displays an altered trafficking, with reduced surface level due to
increased internalization and lysosomal degradation [133]. Interestingly, RNA editing of
Gabra3 is low during embryonic development and increases after birth, with around 100% of
Gabra3 transcripts edited in adult brain [131][132][133].

RNA editing is also known to edit pri-miRNAs and regulate miRNA biogenesis and functions.
Editing can result in enhanced or reduced cleavage by Drosha, influence mature strand
selection, or even modify the seed sequence, diversifying target recognition [134]. As Gabra3
is a known substrate for A-to-I RNA editing, one could wonder whether its 2 host miRNAs
could also be concerned. This might explain why miR-105 was detected at higher level than
miR-767 in brain by RT-qPCR, or account for a differential processing or detection of miR-105
and miR-767. Lower editing during development may be significant for miR-767 functions at
this stage. Besides, as editing predominantly occurs in the brain, post-transcriptional regulation
may confer to miR-105 and miR767 an expression pattern more restricted than that of Gabra3,
so that a CG profile cannot be excluded.
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Mice bearing the flox allele should express Gabra3, miR-105 and miR-767 and display a
phenotype similar to WT animals. RT-qPCR experiments will be performed to validate those
expectations. Crossing of those mice with Cre-expressing mice will result in mice KO for
miR-767. Again, RT-qPCR will be performed to verify that expression of Gabra3 is not
impaired. KO mice will be compared to those with the functional conditional allele.
Morphological analysis could be made during development, as well as a comparison of the TET
levels between KO and conditional mice. Behavioral phenotyping of adult animals should also
be made, focusing on memory formation and extinction. A comparison of miR-767 KO mice
and Gabra3 KO mice in the tests where these latter displayed phenotypic particularities should
allow to distinguish the respective effects of the miRNA and Gabra3 deficiencies.

In conclusion, it is still to be determined whether a CG alternative transcription of the Gabra3
is induced by DNA hypomethylation in mouse cells. Generation of a CG transcript of Gabra3
hosting miR-105 and miR-767, as well as the potential role of miR-767 in cancer, might be
specific to humans. However, the characterization of miR-767 functions in a mouse model
remains an interesting perspective, provided that its regulatory impact on the expression of the
TET proteins can be established in this species. The tools developed in the present work should
contribute to this characterization, by the generation of a KO allele of miR-767 in mice.
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4. MATERIALS AND METHODS

Agarose Gel Electrophoresis

DNA fragments were separated by electrophoresis on agar gels (0,7%, 1% or 2%, according to
the length of the fragments) with ethidium bromide staining. Agarose was dissolved in TAE 1X
buffer. DNA was mixed with 6X Orange DNA loading dye (Fermentas) prior to electrophoresis.
GeneRuler 100 bp or 1 kb (Fermentas) DNA ladders were used for sizing of the fragments.

Vector constructions
Construction generalities

All PCR products intended for construction were purified with the Wizard® SV Gel and PCR
Clean-Up System (Promega, REFA9282). Vectors were dephosphorylated prior to ligation by
Shrimp alkaline phosphatase (rSAP, NEB). Vectors and inserts were purified by phenol-
chloroform and precipitated with ethanol. Ligations were performed by the T4 DNA ligase
(NEB). After each ligation step, the constructs were introduced in bacteria by electroporation
and submitted to antibiotic selection. DB3.1 competent cells were used for the constructs
bearing the CcdB gene. Otherwise, DH5a or DH10B E.coli strains were used. Colonies were
isolated on agar plates and PCR screened. DNA was extracted from the cultured PCR-positive
clones with GeneJET Plasmid Miniprep kit (ThermoScientific, #K0502) for cultures up to 5 ml
or Nucleobond® PC500 (Macherey-Nagel, REF740574.25) for larger cultures (from 100ml).
Proper insertions were checked by Sanger sequencing (3130 Genetic Analyzer, Applied
Biosystems). Both PCR-amplified homology arms (2 kb and 1 kb) were completely sequenced.
All PCR screens were made with the DreamTaq Green PCR Master Mix (Fermentas).

Construction of the targeting vector for HR

pSKrfB1, which served as a base for construction of the targeting vector for homologous
recombination, was kindly provided by Prof. X. De Bolle. The 645 bp fragment containing the
floxed miR-767 (see the appendix for complete sequence) was ordered as a synthetic DNA
fragment from IDT® (Integrated DNA Technologies), integrated within the plasmid
pIDTSMART-KAN. It was inserted in the vector following digestion with HindIII (NEB). The
donor plasmid for LR Gateway recombination, pL1L2-GTIRES, was kindly provided by Dr.
Barry Rosen. Nourseothricin (CloNAT, WERNER BioAgents) was used for selection of this
plasmid in bacteria. LR gateway reaction was performed by Gateway® LR Clonase® II
Enzyme Mix (Invitrogen™). The 2 kb 5° homology arm was PCR amplified (1 and 2 in
appendix B) by LongAmpTM Taq DNA polymerase (NEB). The BAC DNA template was
bMQ120-c13, a 129s7/AB2.2 BAC clone from the bMQ library (Source Bioscience
Lifesciences™). The arm was cloned in the vector after digestion with Xbal (NEB). A
restriction site for Agel, borne by the sense primer (oligo 1) was added during PCR
amplification, for the final linearization of the vector. LongAmpTM Taq DNA polymerase was
also used for amplification of the 1 Kb PCR fragment (oligos 3 and 4 in appendix B), bearing
Spel and Stul restriction sites to insert the 7,7 kb restriction fragment. This amplicon was then
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cloned in pIDTSMART-KAN (the intermediate plasmid) following Fsel (NEB) digestion. The
resulting construct was introduced and amplified in a dam-/dem- strain (GM2163, NEB) of
E. coli, kindly provided by Prof. X. De Bolle. Restriction of the vector and of bMQ120-c13 to
produce the 7,7 kb restriction fragment was performed by Spel (NEB) and Stul (NEB).

CRISPR vectors

Assembly of the CRISPR vector was achieved follo