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Introduction

1.1.Myc expression and biology

The protooncogene MYC was first discovered as a cellular homolog of the oncogene of avian
myelocytomatosis virus, v-Myc (Sheiness and Bishop, 1979). The MYC gene was originally
identified in chicken cells (Vennstrom and Bishop, 1982; Vennstrom, 1982) and, later, the

ortholog gene was identified in human, mouse and rat (Crews, 1982; Dalla-Favera, 1982a).

As a transcription factor, c-Myc (Myc henceforth) regulates gene expression. Genome wide
chromatin immunoprecipitation studies have revealed that as much as 10-15% of all human
genes are under the control of Myc (Fernandez, 2003; Li, 2003; Patel, 2004; Zeller, 2006).

A chromosomal translocation was found in Burkitt's lymphoma involving Myc and the Ig loci,
where deregulated Myc expression was giving rise to contitutively high levels of Myc (Dalla-
Favera, 1982Db). In addition to Burkitt's lymphoma, which is a cancer of B lymphoid cells, Myc
deregulation has been detected in a wide range of other human cancers and is often associated
with aggressive tumors including lung, breast, cervical, ovarian, prostate and colon carcinoma,

as well as lymphoma, melanoma and leukemia (Dang, 1999).

Myc belongs to the Myc family, along with N-Myc and L-Myc, encoded by the MYCN and
MYCL1 genes (DePinho, 1987; Baudino and Cleveland, 2001). Whereas Myc is ubiquitously
expressed, N-Myc is mainly neuronal (Kohl, 1983) and L-Myc is more expressed in lung (Nau,
1985).

All members of Myc family present a nuclear localization, a short half-life and their expression is

usually correlated with cell proliferation. Also Myc is highly conserved during evolution.
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Figure 1.1. Electronic northern for Myc according to data from UniGene. (Updated Ago 2013,

http://bioinformatics.mdanderson.org/).
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1.1.1. Structure and function of Myc

Human MYC is located in the chromosome 8 (8g24.21) and has three exons (Dalla-Favera,
1982a; Dalla-Favera, 1982b). Its expression is regulated through four promoters, called PO, P1,
P2 and P3. However, in normal cells, the majority of transcripts initiate at the P1 and P2
promoter (75-90% of Myc transcripts) because of its TATA-Box and the presence of two Inr

elements (Wierstra and Alves, 2008).

Two isoforms of Myc can be synthesized depending on the start codon from which translation is
initiated. The most prevalent form is generated from AUG start codon located at the 5’ end of
the second exon. Translation from this codon results in a protein of 439 amino acids and 64 kDa
of apparent molecular weight, according to electrophoreticis mobility in denaturing conditions
(the theoretical molecular weight of Myc, by amino acidic composition, is 49 kDa) (Persson,
1984).
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Figure 1.2. MYC gene. Four promoters and two start codons and the iosoform generated from AUG start
codon are illustrated. In the N-terminal region are located four Myc boxes (MB-I to MB-1V, black boxes),
which regulate Myc transactivation and transrepression functions. C-terminal region present a bHLH-LZ
domain which allows the dimerization with anothers b-HLH-LZ proteins and the binding to DNA.

There is a longer and minority form of 454 amino acids named Myc-1 (in contrast with the
mainly form which is known as Myc-2) which is translated from CUG codon located in the 3’ end
of first exon (Hann, 1988). Differences in the function between these isoforms are not clear. In
some studies, differences between Myc-1 and Myc-2 were not observed (Blackwood, 1994),
whereas that in other experiments, differences in transcriptional activity were suggested (Hann,
1994). Other forms can also be found in the cells, particularly Myc-S (from “Myc-Short”) which

lacks the N-terminal region (Spotts, 1997), or Myc-Nick, which lacks C-terminal region as the
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result of the proteolytic cleavage of Myc in the cytoplasm. It has been described that Myc-Nick is
functional and has a role in differentiation (Conacci-Sorrell and Eisenman, 2011). In this thesis

we will refer to c-Myc-2 as Myc, which is the nuclear prevalent form.

Myc is a transcription factor of the basic/helix-loop-helix/leucine zipper (bHLH-LZ) protein
superfamily (Landschulz, 1988; Murre, 1989; Prendergast and Ziff, 1989).

MYC

(blue)

MAX

(red)

Helix 2

Figure 1.3. 3-D structure of Myc-Max heterodimer bound to DNA. bHLH-LZ domain of the dimer Myc-
Max (88 amino acids of Myc and 83 amino acids of Max) was crystalized. (Figure adapted from Nair and
Burley, 2003).

Two independent functional regions are observed in Myc protein. One of them is the C-terminal
region, which presents a bHLH-LZ domain. Myc is bound to DNA through basic domain,
whereas HLH and LZ domain allows the dimerization with other bHLH-LZ proteins, of which the
most important is Max (Blackwood and Eisenman, 1991; Grandori, 2000; Nair and Burley,
2006). Thereby, Myc forms a heterodimer with Max and this heterodimer binds to specific DNA
sequences termed E-Box (Enhancer Box sequences) with the consensus core sequence 5'-
CACGTG-3" (Blackwell, 1990; Grandori, 2000; Nair and Burley, 2006). The second one is the
N-terminal region, which contains four conserved regulatory domains called Myc Boxes (MB-I,
MB-II, MB-lll and MB-IV) with transactivation and transrepression functions. MB-I and MB-II are
located from 1 to 143 amino acids (Kato, 1990). MB-I has two important phosphorylation sites,
threonine 58 (Thr58) and serine 62 (Ser62), associated with stability and transforming activity of
Myc (Stone, 1987; Sears, 2000). Transcriptional functions of Myc are located in the MB-II. When
these regions are mutated, the binding to most transcriptional coactivators is impaired and, as
result, the phenotype induced by overexpression of Myc is repressed (Freytag, 1990; McMahon,
1998; Oster, 2003). Finally, MB-IIl is involved in transcriptional repression (Herbst, 2005;
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Kurland and Tansey, 2008), whereas that MB-IV regulates DNA binding, apoptosis,
transformation and G2 phase arrest (Cowling, 2006).

1.1.2. Regulation of Myc

Myc monitors many cell functions and therefore MYC expression and Myc activity have to be
tightly controlled. In fact, its expression is strongly regulated by transcriptional,
postranscriptional and postranslational mechanisms, although this regulation is not completly
understood. This is because the regulation of the MYC promoter is extremely complex with a lot
of redundancy, many feedback loops and several cross-regulatory circuits involved (Wierstra
and Alves, 2008).
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Figure 1.4. Transcription factors binding sites in the MYC promoter. The horizontal line represents
MYC promoter (from -2 Kb to +1 Kb from TSS). Exon 1 is illustred by a grey box. P1 and P2 are the
promotors more used in the majority of transcripts. Vertical arrows represent one or more binding sites for

a particular transcription factors (Figure adapted from Wierstra and Alves, 2008).

MYC is generally expressed in normal proliferating cells, in which the Myc mRNA has fold from
10 to 40 higher than quiescent cells in which Myc is virtually low expressed and, during growth
arrest and differentiation, it drops about 90% (Spencer and Groudine, 1991; Marcu, 1992;
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Oster, 2002). In quiescent cells, many complexes of E2F-1, E2F-2, E2F-4, HDAC and pocket
family proteins (Rb, p107, p130) are bound to MYC promoter and its transcription is inhibited
(Albert, 2001).

When cells are proliferating and CDK/Cyclins are active, the aforementioned complexes are
disassembled and other transcription factors, such as TCF3, Spl1 or YY1, bind to MYC promoter
inducing Myc overexpression. However, this increase is transitory and must be tightly regulated
(Hann, 1985; Rabbitts, 1985; Thompson, 1985), thus there is an important sequence localized
in Myc regulatory region named FUSE (Far Up-Stream Element). Firstly, this region is
recognized by FBP (FUSE Binding Protein) which actives transcription and, later, FBP-FIR (FBP
Interacting Repressor) is recruited, resulting in the inhibition of MYC transcription (Chung and
Levens, 2005; Liu, 2006). This way, cells get a quick pulse of Myc and are lead to cycle

progression.

The joining of FBP to FUSE sequence allows continuous Myc expression while its capacity of
negative autoregulation keeps expression by negative feedback loop (Facchini, 1997; Luo,
2004; Wierstra and Alves, 2008).

Myc levels drop rapidly at the beginning of cell differentiation until disappearance in terminally
differentiated cells. Repression of Myc during differentiation is usually regulated, directly or
indirectly, by factors of transcriptional control depending on each cell type. Some of these
factors have direct role in the repression of MYC during the differentiation like Blimp1, C/EBPaq,
C/EBPB, METS, Ovol1, GATA1 and Mxi1. Moreover, the complexes formed by E2F and the
pocket proteins collaborate in the Myc silencing during the differentiation, cooperating with

some of the above transcription factors (Klappacher, 2002; Ogawa, 2002; lakova, 2003).

Myc mRNA stability is also regulated. It has a short half-life of less 30 min because its sequence
is rich in A and U, above all in 3’ end, which lead to low stability (Jones and Cole, 1987).
Another regulation mechanism of mMRNA stability consists in the binding to C-terminal domain of
several proteins with RNase activity (Bernstein, 1992; Prokipcak, 1994; Lee, 1998). Upon
mitogenic stimuli Myc mRNA levels reach their maximum within two hours, then remains at a
lower level throughout the cell cycle as does the protein (Hann, 1985; Thompson, 1985). Also,

antiproliferative signals lead to a rapid reduction of Myc mRNA levels (Dean, 1986).

At the post translational level Myc can be modified in multiple ways. Acetylation by CBP/p300,
Genbs and Tip60 at different lysine residues leads to increased transcriptional activity and
stabilizes Myc protein (Vervoorts, 2003; Patel, 2004; Faiola, 2005; Menssen, 2012). Myc protein
has many phosphorylation sites of which two are well studied, Ser62 and Thr58, localized in the
MB-I. Modifications of these residues regulate Myc activity and stability (Henriksson, 1993;
Lutterbach and Hann, 1994). Thr58 in Myc may also be modified by O-linked glycosylation in a
reciprocal manner to phosphorylation, but the biological function of this modification is still
unknown (Chou, 1995a; Chou, 1995b). Recently the Pim-kinases have been shown to

phosphorylate Myc in the C-terminal domain leading to its stabilization (Zhang, 2008).
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Suggested kinases for Ser62 are ERK, CDK1 and JNK, whose phosphorylation has been
reported to result in increased Myc stability (Sears, 2000; Hann, 2006). Ser62 phosphorilation is
also priming for Thr58 phosphorilation by GSK3 (Lutterbach and Hann, 1994; Sears, 2000),
which mediates ubiquitylation of Myc by the E3-ligase Fbw7 and the subsequent degradation by
the proteasome (Welcker, 2004; Yada, 2004; Sears, 2004).

1.1.3. Myc-Max-Mxd network: Transactivation

The Myc-Max-Mxd network consists of several transcription factors of the bHLH-LZ family. To
be active and to bind to specific target sequences in the DNA, called E-Boxes (5’-CACGTG-3’),

these factors act as dimers.

Myc needs to dimerize with Max protein through the bHLH-LZ domain to be able to activate
transcription (Blackwood and Eisenman, 1991; Wenzel, 1991; Blackwood, 1992; Prendergast
and ziff, 1992). Also, Myc function in transactivation, transformation and apoptosis is
dependent of Max interaction (Amati, 1992; Amati, 1993), because Myc is unable to

homodimerize.
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Figure 1.5. Structure of bHLH-LZ proteins: Myc, Max, Mxd, Mnt and Mga.

The central player in this network is Max, a small ubiquitously expressed protein that is very
stable (Berberich, 1992). Max has two isoforms due to alternative splicing: Max (21 kDa) and
Max9 (22 kDa) (Blackwood and Eisenman, 1991; Prendergast, 1991; Arsura, 1995).

Max can form heterodimers with all others proteins of the network as well as homodimers
(Littlewood, 1992), which can bind to E-Boxes in vitro, but no function of this binding has been
shown in vivo (Berberich, 1992; Kretzner, 1992; Yin, 1998). Phosphorylation of Max by Casein
Kinase Il has been shown to inhibit the DNA-binding of the Max homodimers but not any Max
heterodimer (Berberich and Cole, 1992).

Max interacts with two families of bHLH-LZ proteins: the Myc family and the Mxd family. These
two families are functional antagonists; the Myc family activates transcription (Blackwood and
Eisenman, 1991; Marchetti, 1995; Luscher and Larsson, 1999; Grandori, 2000; Nair and Burley,

6
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2006), while the Mxd family represses transcription of overlapping but not fully identical target

genes (Hurlin and Huang, 2006).

Myc-Max heterodimers act by facilitating the recruitment of others proteins of transcriptional
machinery. It was described that Myc-Max dimer interacts with proteins as TBP, TFII-I, TFII-F
and TRRAP (Henriksson and Luscher, 1996; Facchini and Penn, 1998; Sakamuro and
Prendergast, 1999; Eisenman, 2001; Levens, 2003).

The Mxd family consists of Mxd1-4 (Madl, Mxil, Mad3 and Mad4), Mnt and Mga. All these
proteins, except Mga, contain a Sin3 interaction domain (SID) by which they recruit the
corepressor complexes N-Cor and Sin3 containing HDAC activity (Ayer, 1995; Heinzel, 1997;
Laherty, 1997).

The Mxd proteins antagonize Myc and Mxd-Max complex forming a strong repressor of
transcription. Mxd-Max heterodimers repress transcription, at least partially, by recruiting a co-
repressor complex Sin3 protein that interacts with a number of proteins, including histone
deacetylases (HDACSs), that deacelylates histones in order to produce a more tightly packed
chromatin structure, thus preventing the transcriptional activation that occurs through E-Boxes
(Ayer, 1993; Ayer, 1995; Alland, 1997).

Myc is expressed at very low levels in resting cells and its expression is induced when with the
entry into cell cycle to growth, whereas Max is expressed at similar in both states. Hence, the
expression of Myc target genes will be blunted by Mxd-Max in resting cells, where Mxd is
expressed at high levels (Latchman, 1998). Myc-Max, Max-Max and Mxd-Max dimers are in an
equilibrium determined by their availability in each cell, resulting in activation conditions (Myc-
Max), no activation (Max-Max) or repression (Mxd-Max) of their target genes (Grandori, 2000;
Baudino and Cleveland, 2001). The functional antagonism of Mxd and Myc proteins is explained

at the molecular level by changes in chromatin remodeling (Luscher, 2001).

Mga on the other hand contains a T-domain, which is a DNA-interacting domain. Mga’s
biological function remains unclear, but it has been identified as a part of an E2F6 repression

complex (Ogawa, 2002).

Mnt is perhaps the Mxd member with the clearest Myc antagonistic function. It is ubiquitously
expressed and binds to similar promoters as Myc (Toyo-oka, 2006). Further, cells lacking Mnt
show a phenotype resembling Myc upregulation and deletion of Mnt in cells lacking Myc partly
rescues the slow growth phenotype of these cells (Hurlin, 2003; Nilsson, 2004). These results
and the fact that Mnt is functionally regulated during the cell cycle (Popov, 2005) has lead to the
hypothesis that Mnt-mediated repression is the default setting at the target genes, and Myc has

to overcome this to activate transcription.

Myc regulates transcription through several mechanisms, including recruitment of histone
acetylases, chromatin modulating proteins, basal transcriptional factors and DNA
methyltransferases (McMahon, 1998; Cheng, 1999; Eberhardy and Farnham, 2002; Fernandez,
2003; Kanazawa, 2003; O'Connell, 2003; Brenner, 2005).
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Figure 1.6. The Max network. Max is the central player capable of interacting with members of two
families of bHLH-LZ proteins, the Myc and the Mxd family. Mxd proteins repress transcription from a
specific set of target genes inducing cellular processes like differentiation and growth arrest. Myc family
members activate transcription of those target genes and stimulate proliferation, transformation and

apoptosis.

1.1.3.1. Mechanisms

Transactivation by Myc appears to require interactions of Myc’s MB-II domain with a member of
PI3K-related kinase protein family called TRRAP (McMahon, 1998), which binds the histone
acetylase GCN5 that leads an increase of transcription (McMahon, 2000). Moreover, Myc’s
MBIl domain can also recognize to Tip48 and Tip49 proteins or ATPasa/helicase proteins,
whose activity is essential for the control of cellular growth and proliferation mediated by Myc
(Wood, 2000; Bellosta, 2005).

In addition, Myc’s MBI domain is able to recruit Cyclin T1 and CDK9, both components of
pTEFb, which induces an increase of transcription through C-terminal domain phosphorylation
of the RNA Pol-Il (Eberhardy and Farnham, 2001; Eberhardy and Farnham, 2002; Rahl, 2010).
This interaction has been shown to be sufficient for activation of a synthetic promoter construct

suggesting that Myc stimulates elongation of transcription (Eberhardy and Farnham, 2002).

Additionally, Myc has also been reported to interact with other protein complexes involved in
transcriptional regulation. For instance, Myc binds INI1, which is a homologue of yeast SNF5
protein and a subunit of SWI/SNF complex involved in chromatin remodeling in an ATP
dependent manner. Dominant negative mutants of INI1 inhibit Myc-induced transcription
(Cheng, 1999; Amati, 2001; Luscher, 2001).

1.1.3.2. Myc and RNA-Pol initiation complex

Transcription factors bind to specific DNA sequences and regulate gene expression by
recruiting the transcription initiation apparatus to promoters (Ptashne and Gann, 1997;

Hochheimer and Tjian, 2003). Recent studies have shown that an additional level of regulation
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must occur subsequent to initiation at certain genes and it have been proposed that certain
transcription factors regulate this step (Peterlin and Price, 2006; Core and Lis, 2008; Margaritis
and Holstege, 2008). The evidence described here indicates that promoter-proximal pausing is

a more general feature of transcription by RNA polymerase Il (Pol Il) in vertebrate cells.

Multiple lines of evidence support the contention that Myc-Max generally plays a role in Pol Il
pause release at its target genes and does so through recruitment of pTEFb. Loss of Myc
reduces the levels of elongating Pol Il but does not affect the levels of promoter proximal Pol .
Inhibition of Myc-Max function leads to a substantial reduction in the levels of Ser2-
phosphorylated Pol Il in cells, which is the form associated with elongation, but does not affect
the levels of Ser5-phosphorylated Pol Il, associated with initiation (Gargano, 2007; Rhal, 2010;
Larochelle, 2012; Ghamari, 2013).

Myc recruits pTEFb (forms by CDK9 and CyclinT1), where CDK9 is responsible for Serb-
phosphorylated Pol Il (Larochelle 2012; Ghamari, 2013). Consistent with a role in pause
release, Myc is associated almost exclusively with genes that are actively transcribed.
Furthermore, it has been reported that Myc occupies promoter-proximal sites, which are heavily
enriched for the E-Box core motif that it binds, where Myc would be optimally positioned to
recruit pTEFb.

Some researchs suggest that tumor cells that overexpress Myc have enhanced expression of
proliferation genes due to the role of Myc in recruiting pTEFb to efect Pol Il pause release at
these genes (Rahl, 2010). It is therefore possible that combinations of drugs that reduce the
activity of both, Myc and pTEFb, could be especially effective therapeutic agents in tumor cells

that overexpress Myc.

1.1.3.3. Myc target genes and their functions

A lot of studies have attempted to describe how many and which are the genes regulated by
Myc. The development of new techniques of massive screening and sequencing (such as
microarrays, ChlIP-on-ChlP, ChIP-PET or ChlP-seq) has generated a large amount of
information about the genes regulated by Myc. It is estimated that 10%-15% of all human genes
are recognized bound by Myc, and at least 1000-4000 genes are regulated directly by Myc
(Coller, 2000; Guo, 2000; O’Hagan, 2000b; Schuhmacher, 2001; Fernandez, 2003; O’Connell,
2003; Patel, 2004; Ceballos, 2005; Lawlor, 2006; Dang, 2006; Zeller, 2006).
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Figure 1.7. Distribution of Myc targets by gene ontology (GO). At least one thousand five hundred Myc
targets (small circles) are displayed in concentric rings with functional groups colored and labeled. GO
groups highlighted in red are statistically over-represented. (Figure adapted from Dang, 2006)

However, only a fraction of genes appears to be universally regulated by Myc independently of
cell type or species (Zeller, 2003), whereas other target genes differ among cell type, species or
origin. Some of the variations could be attributed to cell type specific to activate specific sets of
genes in response to Myc (Barr, 1998; Frye, 2003; Yang, 1991). Recently, new reports have
gone further and they have proposed that Myc acts as a general amplifier of transcription at
promoters already engaged with the transcriptional machinery though mechanism related to the

promotion of transcription elongation (Lin, 2012; Nie, 2012).

Biologic functions of Myc proteins depend on its transcriptional activity (activation or
repression), which promotes a variety of biological responses related to cell cycle control,
genomic instability, immortalization, metabolism, ribosome biogenesis, apoptosis, intercellular
communication and control of terminal differentiation (Grandori, 2000). All these functions are

important in cancer because deregulation of these functions may lead to tumoral phenotype.

1.1.4. Transrepression

The mechanism by which Myc represses transcriptionally certain genes have been traditionally
less studied than the mechanisms of transactivation. However, the evidence that Myc-mediated
transcriptional repression is key to their ability transforming (Facchini and Penn, 1998; Claassen
and Hann, 1999).
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Myc is able to repress transcription of many of their target genes through two different
mechanisms. One is dependent on the Myc-Max binding to some sequences located near
transcription start site, called Inr elements (Amundson 1998; Li, 1994) whose consensus
sequence is YYCAYYYYY (where Y is a pyrimidine). Subsequently, it was found that Myc can
interact with transcription factors which are capable of bind to Inrs, as Mizl, YY1 or TFII-I,
inhibiting its activity (Roy, 1993; Shrivastava, 1993; Staller, 2001; Seoane, 2001; Seoane, 2002;
Wanzel, 2003; Wu, 2003).

A key role in the Myc-mediated transcriptional repression mechanism is played by the
transcription factor Miz1. Myc-Max dimers interact with Miz1 through Myc C-terminal domain
avoiding Miz1-p300 dimer formation, which leads to their inhibition (Seoane, 2001; Staller,
2001). Therefore Myc has been related with the inhibition of the expression of many genes
through mechanisms dependent on Inr sequences (Li, 1994; Ma and Martensson, 1995; Wang,
1999; Park, 2001; Yang, 2001). Among the genes repressed by Myc through Inr regions are
Gas1, c/EBPa, CyclinD1, p21 p27, p15 or Myc itself (Dang, 1999; O'Hagan 2000; Staller, 2001;
Wanzel, 2003; Gartel ans Shchors, 2003).

Moreover, in the p21 promoter, Myc forms a complex with Miz-1 and Dnmt3a, which would also
contribute to inhibit the transcription through DNA methylation (Brenner, 2005).

There is other mechanism of transrepression Inr independent. Among these genes are involved
Gadd45 or PdgfpR (Marhin, 1997; Izumi, 2001). The repression of these two genes happens by
binding to the transcription factor NFY. And another mechanism depends on direct binding of
Myc to transcription factor Spl-Sp3, in which Myc interact with Sp1-Sp3 through its central
region inhibiting their transcriptional activity (Feng, 2002; Vaqué, 2005).

1.1.5. Biological functions of Myc

1.1.5.1. Myc in apoptosis

In the absence of growth factors, Myc overexpression may induce apoptosis. In fact, it was
suggested like a build-in safety mechanism to defend the cell against inappropriate proliferation
(Askew, 1991; Evan, 1992; Shi, 1992). Curiously, Myc-induced apoptosis requires the same

regions of Myc for transactivation and transformation (Evan, 1992).

Furthermore, Bcl2 is an oncoprotein that inhibits apoptosis and proved to cooperate with Myc
(Vaux, 1988). The Ep-Bcl2-Myc mice, overexpressing Myc and Bcl2, show hyperproliferation of
B cells and develop tumors much faster than Epu-Myc mice that solely overexpress Myc due to
Bcl2 that antagonizes the pro-apoptotic effect of Myc (Strasser, 1990). In cell cultures Bcl2
showed to abrogate Myc-driven apoptosis in a manner that does not affect Myc’s proliferative

activities (Fanidi, 1992; Wagner, 1993). In fact, cells lacking Myc are more resistant to apoptosis
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than control cells with Myc (de Alboran, 2004). Moreover, Myc needs to dimerizate with Max to

induce apoptosis (Amati, 1993).

Myc has been shown to induce apoptosis in both a p53-dependent and a p53-independent
manner. The p53-dependent pathway is well established and involves Myc activating ARF that
inhibits Mdm2 (a inhibitor of p53) (Zindy, 1998) and thereby stabilizing p53 which leads to either
growth arrest or apoptosis (Sakamuro, 1995; Meyer, 2006). However, in human leukaemia cells

Myc can antagonize the apoptosis induced by active p53 (Ceballos, 2000; Ceballos, 2005)

The pro-apoptotic protein Bax has been shown to functionally cooperate with Myc (Eischen,
2001; Soucie, 2001; Juin, 2002; Maclean, 2003; Finch, 2006). Bax also mediates apoptosis
triggered by Myc and inhibits Myc-induced lymphomagenesis (Eischen, 2001). Since apoptosis
can be triggered by an activated oncogene it has to be overcome in a cancerous cell. Loss of
proapoptotic regulators and mutations in p53 has been proposed as strategiesy to overcome
cell death.

1.1.5.2. Myc in cell cycle regulation and proliferation

As indicated above, Myc is not expressed in quiescent cells, but it can be induced quickly in
proliferate cells through addition of growth factors (Spencer and Groudine, 1991; Marcu, 1992;
Oster, 2002).

G1 phase is shortened and transition from G1 to S phase is enhanced by the presence of Myc
(Facchini and Penn, 1998; Karn, 1989; Roussel, 1991; Steiner, 1995). Consistent with this,
reduction in the levels of Myc through deletion or antisense oligonucleotides induces cell cycle
inhibition and, in some cases, differentiation (Heikkila, 1987; Holt, 1988; Mateyak, 1997). In this
context, fibroblasts and B-lymphocytes from Myc conditional knock-out mice present a
proliferation rate reduced regarding wild type mice (de Alboran, 2001). Myc induces cell cycle
proliferation through different mechanisms, while Myc represses the transcription of genes as
Gadd45 or Gadd153 (growth arrest and DNA damaging-inducible 45 and 153, respectively)
inducing cell cycle inhibition by different factors (Chen, 1996; Marhin, 1997).

CDKs and Cyclins are induced by Myc, as Cyclin D1, Cyclin D2, Cyclin E1, Cyclin A2, Cyclin B1
and CDK4 (Hermeking, 2000; Bouchard, 2001; Menssen and Hermeking, 2002; Fernandez,
2003). Also other proteins of great importance for cell cycle progression as Cdc25A, E2F1 and
E2F2 are also induced by Myc (Jansen-Durr, 1993; Galaktionov, 1996; Gartel and Shchors,
2003).

Finally, Myc also is implicated in the control of degradation of a lot of cell cycle regulators
proteins. Recently, it has been observed that Myc induces the expression of Skp2 (Bretones,
2011), a ubiquitin ligase belongs to SCF complex, whose function is the regulation of the

proteolysis of many proteins, between them several proteins implicated in the cell cycle
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inhibition. Therefore, Myc has a global role in the regulation of the cell cycle, highlighting its role

in G1-S transition.

1.1.5.3. Myc in differentiation

Myc is expressed in almost all normal proliferating cells and requires its suppression to occur
terminal differentiation process of many cell types (Freytag, 1988; Hoffman and Liebermann,
1991; Hoffman, 1996). Members of Myc family have a significant impact on cellular

differentiation programs. This is mainly reflected in three facts:

) Each member of Myc family has a different pattern expression during development
suggesting functions not redundant (DePinho, 1991; Lemaitre 1996; Morgenbesser
and DePinho, 1994; Douglas, 2001; Bull, 2001).

1)) The decrease in Myc expression is a recurrent observation in cells that are
differentiating (Gonda and Metcalf, 1984; Larsson, 1994; Henriksson and Luscher,
1996; Chang 2000).

1)) Ectopic expression of Myc blocks differentiation into a variety of cell types in vitro

and in vivo (Iritani and Eisenman, 1999; Le6n, 2009).

Differentiation program is very sensitive to the levels of expression of Myc and it is enough to
induce differentiation in many cellular systems (Bacon and Wickstrom, 1991; Facchini and
Penn, 1998). Often the removal of Myc expression is an essential step to complete the
differentiation program (Chang, 2000). In fact, Myc is able to inhibit master genes of
differentiation. For example, C/EBP-a drives the differentiation of murine cells to adipocytes and
has been shown that Myc antagonized C/EBP-a-mediated transactivation of Gadd45 (Tao and
Umek, 1999; Johansen, 2001). Also, Myc inhibits GATAL to block differentiation of human
myeloid cells (Acosta, 2008) and Ergl to block differentiation of macrophages (Shafarenko,
2005). Therefore, the suppression of Myc is one of the earliest events related with antimitogenic
regulatory signals allowing the differentiation process (Gonda and Metcalf, 1984; Larsson, 1994;
Henriksson and Luscher, 1996; Facchini and Penn, 1998; Ledn, 2009).

However, examples have also been described in which the overexpression of Myc does not
inhibit differentiation. In those cases where Myc does not inhibit differentiation, this process is
usually compatible with proliferation, for example in human epidermal stem cells (Gandarillas
and Watt, 1997; Flores, 2004) or hematopoietic stem cells and B lymphocytes (Wilson, 2004;
Habib, 2007; Delgado and Ledn, 2010), where Myc increases the population of precursors cells
of a particular cell lineage. In case of stem cell is required a step of proliferation, where Myc is
active before the cells differentiate (Larsson, 1988; Gandarillas and Watt, 1997; Flores 2004).

Proliferation and differentiation are mutually exclusive functions in many models. Thereby, it has
been argued that Myc impairs differentiation by preventing the exit from cell cycle and

maintaining the cell in a proliferative state (Le6n, 2009). Consistently with these assumptions,

13



Introduction

Mxd expression, which is antagonist of Myc functions, is increased in a lot of models of
differentiation (Luscher, 2001; Zhou and Hurlin, 2001).

Differentiation is a complex process where cells dramatically change their size, morphology,
metabolic activity and responsiveness to signals. These changes are largely due to highly
controlled modifications in gene expression. However, each cell type expresses a different

subset of genes.

1.1.5.4. Myc in protein synthesis and cell size

Myc overexpression is related with new protein synthesis and an increase of cell size (Mateyak,
1997; lritani and Eisenman, 1999). Many of the Myc target genes are involved in protein
synthesis including several ribosomal proteins as L3, L15, S2 and S6 and translation factors as
elF4E and elF2a (Rosenwald, 1993; Coller, 2000; Kim, 2000). Myc induces the transcription of
genes related with rRNA, ribosomal biosynthesis (Kim, 2000; Schlosser, 2003) and the RNA
polymerase | (Pol I) transcription (Grewal, 2005; Arabi, 2005; Grandori, 2005). Moreover, Myc is
able to activate the promoter of the RNA polymerase Ill (Pol 1), which synthesizes tRNA and
ribosomal 5s RNA (Felton-Edkins, 2003).

Myc has also been shown to directly stimulate rDNA transcription in response to mitogenic
signals and thereby plays a key role in regulating ribosome biogenesis and cell growth
(Grandori, 2005).

Taken together with the fact that Myc is able to induce both Pol | and Pol Il transcription, Myc
emerges as a master regulator of protein synthesis, as prerequisite for cell growth and
proliferation. Also, Myc has been reported to induce cell growth independent of cell division
(Iritani and Eisenman, 1999; Johnston, 1999).

1.1.5.5. Myc in metabolism

Myc upregulates components of the nucleotide and polyamine synthesis machinery like ODC
and CAD (Bello-Fernandez, 1993; Miltenberger, 1995). Myc also regulates genes involved in
energy metabolism for example by stimulating expression of the GLUT1 glucose transporter, as
well as almost all glycolytic enzymes, particularly lactate dehydrogenase (Ldh), hexokinase 2
(Hk2), and enolase 1 (Enol), several genes encoding glycolytic enzymes and many other
genes of the glycolytic pathway, as well as a group of nuclear genes involved in mitochondrial
function (Morrish and Hockenbery, 2003; Dang, 2013). It is believed that Myc is a pivotal
contributor to the Warburg effect in tumors, as the preference of cancer cells to generate energy
through aerobic glycolysis rather than oxidative phosphorylation (Dang, 2009; Li and Simon,
2013). In adition, a large number of genes related to metabolism are regulated by Myc, such
as, biosynthesis of nucleosides, amino acids and iron (Bello-Fernandez, 1993; Wu, 1999;
Osthus, 2000).
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Myc has been shown to increase mitochondrial biogenesis and function via regulation of
nuclearly encoded mitochondrial proteins and the mitochondrial transcription factor (TFAM).
These data support the hypothesis that Myc also drives proliferation by maintaining
mitochondrial functions not strictly related to oxidative phosphorylation. Myc has also been
related with increased both the transport of glutamine and the glutaminolysis in mitochondria,

which is important energy source in tumor cells (Dang, 2009; Dang, 2010).

1.1.5.6. Myc and stemness

Recently, two new sets of data have fuelled the interest on Myc in relation to cell differentiation
and cancer: the role of Myc in the reprogramming of adult differentiated cells into pluripotent
stem cells and the finding that Myc is required for in vivo tumorogenesis induced by other
oncogenes. Although it was known that Myc can block the differentiation of murine embryonic
stem cells (MESC) (Cartwright, 2005).

The field has boomed since the discovery of Myc as one of the four transcription factors of the
“magic brew” able to reprogram murine and human differentiated cells into the induced
pluripotent stem cells (iPSC) (the other three factors being Oct4, Sox2 and KlIf4) (Takahashi,
2007; Okita, 2007; Wernig, 2007; Lowry, 2008; Park, 2008). Although Myc is not strictly required
for reprogramming, it increases the efficiency of iPSC generation at least 10-fold (Welstead,
2008).

ChlIP-on chip and ChlP-sequencing experiments have revealed that Myc binds to a large
number of genes also in embryonic stem cells (Kim, 2008) including the promoters of
reprogramming factors as Oct4 and Sox2 (Coller, 2000). Therefore, MYC is an important gene

for the maintenance of the stemness.

1.1.5.7. Myc in tumorogenesis

Considering that Myc enables a rapid cell growth and proliferation, stimulates cell cycle
progression independent of mitogenic stimuli, induces immortalization, blocks differentiation
(Lachman and Skoultchi, 1984; Coppola and Cole, 1986; Freytag, 1988), induces genomic
instability (Felsher and Bishop, 1999; Vafa, 2002) and promotes angiogenesis by stimulating
VEGF mRNA translation (Baudino, 2002; Mezquita, 2005) and by inhibiting TSP1 (Watnick,
2003), it is no wonder that a majority of human tumors have deregulated Myc (Vita and
Henriksson, 2006).

Deregulated expression of MYC is found in a wide array of human cancers, in many cases
associated to disease progression (Nesbit, 1999; Oster, 2002) like melanoma, breast cancer,
lung cancer and some types of human lymphoma and leukemia among others. Moreover, N-

Myc is involved in neuroblastome and L-Myc in lung and ovary cancer.
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Myc-cancer relationship is related with Myc protein accumulation in tumoral cells. The first

mechanism identified for Myc overexpression in cancer was the retroviral infection in chicken

cells (Sheiness and Bishop, 1979), but in human cells four mechanism have been so far
identified:

a)

b)

c)

d)

MYC translocations.

Myc was the first example of oncogenic activation by chromosomal translocation in
human cancer. In Burkitt’s lymphoma, MYC is translocated from chromosome 8 to the
heavy or light chain of immunoglobulin loci to the chromosomes 14 and, more rarely, 2
or 22 (Dalla-Favera, 1982a; Taub, 1982).

Transcriptional amplification.

It has been reported that in tumor cells expressing high levels of Myc the transcription
factors accumulates in the promoter regions of active genes and causes transcriptional
amplification, producing increased levels of transcripts within the cell's expression
program. The increasing levels of Myc results in increased binding to the set of existing
active genes, with negligible binding to new sets of genes (Lin, 2012). Numerous gene
expression studies have identified sets of genes whose expression levels are altered by
changes in Myc levels (Schuhmacher, 2001; Zeller, 2003; Schlosser, 2005; Dang, 2006;
Ji, 2011).

Activation of MYC promoter.

Nowadays, promoter activation through hormones or growth factors, activation of their
receptors, different signaling pathways or transcriptional effectors activity may also
trigger Myc deregulation and protein accumulation without chromosomal aberrations or
physical defects in the gene (Wierstra and Alves, 2008).

In addition, common single nucleotide polymorphisms (SNP) on human chromosome
80924, which predispose to colon, breast, prostate, and bladder tumors, have been
implicated in deregulated MYC expression. This region containing 8924 SNP rs6983267
confers increased cancer risk (Dang, 2009).

Stabilization of Myc protein.

In many cases this stabilization is due to mutations in critical Ser and Thr in the N-
terminal regions (Wilda, 2004). Furthermore, it has been described mutations in the
sequence of MYC related to cancer and which cause increased stability of Myc (Gavine,
1999; Salghetti, 1999). Also, mutations affecting Myc phosphorylation in Thr-58 or Ser-
62 increasing the stability of the protein and it have been associated with cancer
(Gupta, 1993). These mutations are especially abundant in Burkitt’s lymphoma (Bhatia,
1993; Albert, 1994; Axelson, 1995). In other cases, Myc is overexpressed by other
factors whose activity triggers an enhancer in the mRNA or protein stability, inducing

Myc overexpression (Welcker, 2004).

Conditional transgenic Myc models have demonstrated that many tumors are dependent on

Myc for their maintenance as turning off Myc expression leads to tumor regression (Arvanitis
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and Felsher, 2006). In these models, Myc inactivation leads to proliferative arrest and re-
differentiation, senescence or apoptosis, predominating one of these response depending one
the particular tumor model. In agreement, many tumors reappear when MYC is reactivated, as
observed in liver, breast and pancreatic islet cell tumors (Boxer, 2004; Pelengaris, 2004,
Shachaf, 2004). Sustained regression after brief MYC inactivation was demonstrated for
osteosarcomas (Jain, 2002) and lymphomas (Giuriato, 2006). For osteosarcomas MYC
inactivation differentiates the tumor cells to normal cells. This appears to be the case for hepatic
tumor cells as well, but among the differentiated cells are dormant tumor cells, regaining their
neoplastic phenotype on MYC reactivation. Inactivation of MYC in liver tumors, osteosarcomas
and lymphomas induced a rapid senescence response with cells positive for SA-B-gal staining
detected after only two days from Myc inactivation. Generally, this response depends on up-
regulation of p53, p16 and p15 but not the DNA-damage or p38 kinase pathways often activated
in OIS (Oncogene-Induced Senescence, see below) (Wu, 2007).
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Figure 1.8. Cellular processes controlled by Myc during normal conditions and during
tumorogenesis. Myc is a key regulator of many biological activities including cell growth and division
(regulation of chromatin modification and components of the biosynthetic machinery); cell-cycle
progression (modulation of cyclins, CDKs, CDKs inhibitors and phosphatases); apoptosis (p53 dependent
or independent mechanisms); cell differentiation (down-regulation of growth arrest genes); cell metabolism
(glycolysis, amino acid biosynthesis and transport, synthesis of macromolecules and DNA metabolism);
angiogenesis (up-regulation of VEGF); cell adhesion and motility (control of expression of integrins).
(Figure adapted from Vita and Henriksson, 2006).
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1.2.Sin3 proteins

Sin3 proteins were originally identified in yeast where it have important role in transcription
regulation of many genes (Vidal, 1991). These proteins have high levels of conservation from

yeast to human.

In vertebrates, there are two Sin3 proteins, Sin3a and Sin3b. Main differences between

themselves have been found in the N-terminal region.

1.2.1. Structure of Sin3 proteins

Sin3 proteins have high molecular weight (in human, Sin3a has 1273 amino acids, whereas that
Sin3b has 1162). Its N-terminal region include three PAH domains (Paired Amphipatic Helix)
each one, which has four amphipatic helix two by two and separated by flexible region (Wang,
1990; van Ingen, 2006).

Structurally, the main difference between Sin3b and Sin3a is located in N-terminal region
immediately before the two first PAH domain, which is considerably shorter in Sin3b (Silverstein
and Elkwall, 2005).
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Figure 1.9. Sin3b structure. (A) PAH, HID and HCR domains of Sin3b are illustrated. (B) PAH domains

cristalysized are shown.

PAH domains are able to interact with many proteins, mainly with transcription factors, among
them are found Mnt and members of Mxd proteins family (Ayer, 1995; Schreiber-Agus, 1995;
Rao, 1996; Eilers, 1999; van Ingen, 2004). Sin3 proteins also have HDACSs Interaction Domain
(HID) (Laherty, 1997; Hassig, 1997) and HCR domain, which is located in the C-terminal region

and it is highly conservative from yeast to human.
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1.2.2. Functions of Sin3 proteins

Sin3 proteins are involved in regulation of transcription, mainly acting as negative regulator,
although it has also been studied their ability to activate transcription (Silverstein and Ekwall,
2005).

The function most widely studied of the Sin3 proteins is its role on the deacetylation of histones.
The histones have, in the N-terminal region, a tail of lysines which can be acetylated. The state
of histone acetylation is closely associated with transcriptional activity. A high degree of
acetylation involves a transcriptionally active state, while deacetylation correlates with
inactivation of transcription (Kuo and Allis, 1998; Li, 2004; Gibbons, 2005).

Proteins responsible of histone acetylation are called histone acetyltransferases (HAT), while
histone deacetylases (HDAC) catalyze the deacetylation. The relation between HDACs and
Sin3 initially was observed in yeast, where Sin3 and Rpd3, the histone deacetylase of S.
cerevisiae, physically interact and cooperate in repression of transcription (Vannier, 1996;
Kasten, 1997). In mammals, it has been described that the deacetylase activity is necessary to
Sin3-mediated gene repression (Hassig, 1997). Furthermore, Sin3b and Sin3a, are part of
protein complexes with HDACs and other proteins like RBBP4, RBBP7, SAP30, SAP18 and
SDS3 (Laherty, 1997; Zhang, 1997; Zhang, 1998; Zhang, 1999; Dorland, 2000).

However, it is important to note that most of the studies on the Sin3 interaction with other
proteins in mammals have been performed with Sin3a, and there is much less information on

Sin3b interactions.

There is another alternative mechanism of histone deacetylation where Sin3 is involved in the
repression of transcription, which involves the addition of monosacharides to proteins. PAH4 of
Sin3 domain allows the interaction with the enzyme OGT, a transferase enzyme with N-
acetylglucosamines to Ser or Thr residues, which has been related to the repression of
transcription on certain promoters (Yang, 2002). For example, the addition of these sugars to

the C-terminal region of Pol Il produces inhibition of transcription elongation (Kelly, 1993).

Sin3a also has an important role in the maintenance of heterochromatin. The Sin3a and
complexes formed by HDAC1 and HDAC2 have been associated with silencing of expression
due to the presence of CpG islands. MeCP2 protein interacts with high affinity for methylated
CpG islands, and, through its transrepression domain, inactivates the transcription. MeCP2
interacts directly with the complex formed by Sin3a and histone deacetylases (but not Sin3b),
being directed into these areas of the genome and thereby contributing to permanent
inactivation of transcription (Nan, 1998). Furthermore, Sin3 also was involved in rDNA silencing

in mammals by interaction with nucleolar chromatin remodeling complex (NORC) (Zhou, 2002).

Another function associated with Sin3 proteins is DNA repair. In yeasts, Lys16 deacetylation of
the histone H4 by Sin3-Rpd3 complexes promotes the repair of double-stranded DNA breaks
(Jazayeri, 2004). It seems that the chromatin deacetylation allows to adopt an open

conformation, which facilitates access of repair machinery to damaged area.
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Although, in general, the role of histone deacetylases and Sin3 is repression of transcription, it
has also been described examples in which the effect is the activation. This occurs, among
others, in the case of gene regulation in response to osmotic stress in S. cerevisiae, whose
expression is necessary for the recruitment of Sin3 and Rpd3 histone deacetylase to yeast
promoters (de Nadal, 2004).

Sin3 proteins do not have DNA-binding domain, so their recruitment to specific regions of the
genome depends on its association with transcription factors and proteins that interact with the
DNA (Grzenda, 2009). The first interaction described between Sin3 and a transcription factor,
and the best characterized, was between Sin3a and Mxd1. This interaction occurs through the
PAH2 domain of Sin3a and the SID domain of Mxdl (Eilers, 1999). Mxd1 recruits, by Sin3a,
deacetylase activity to promoters that contain E-Boxes in their sequence. Mxd1 can interact with
Sin3a and Sin3b, however there is evidence to say that the interaction with one way or another

does not occur arbitrarily, but that could be dependent on cell type or pathway involved.

Despite of their high homology between their sequences and overlapping in many of its
functions, there are evidences that indicate that Sin3a and Sin3b also perform independent and
different functions. Not only mammals possess several Sin3 proteins, already in the yeasts

there are different members of this family with features not interchangeables (Dang VD, 1999).

Sin3a deficient mice die at very early embryonic stages, and its cells are unable to grow in
culture. These cells express Sin3b, which indicates that it is unable to substitute Sin3a for all its
functions. Meanwhile, Sin3b deficient mice die in late stages of embryo development (David,
2008). Also, there are proteins that interact exclusively with one of the two forms of Sin3 (Nagy,
1997; Rayman, 2002; Xu, 2006).

1.3. Ras proteins

In mammals, three RAS genes, desighated H-RAS, K-RAS and N-RAS, encoding for four
proteins of 21 kDa, H-Ras, N-Ras, K-Ras4A and K-Ras4B (Barbacid, 1987). These proteins
belong to the Ras superfamily that in humans is composed for approximately 150 members
(Wennerberg, 2005).

The Ras GTPases operate as molecular switches that link extracellular stimuli with a diverse
range of biological outcomes. Although many studies have concentrated on the protein-protein
interactions within the complex signaling cascades regulated by Ras, it is becoming clear that
the spatial orientation of different Ras isoforms within the plasma membrane is also critical for
their functions. H-Ras, N-Ras and K-Ras use different membrane anchors to attach to the

plasma membrane (Prior and Hancock, 2001).
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1.3.1. Structure of Ras proteins

The only region of the Ras isoforms that exhibits significant sequence divergence is the last 24
residues of the protein, which conform the hypervariable region (HVR), which exhibits
approximately 10-15% conservation compared with > 90% identity over the N-terminal 165
residues (Lowy and Willumsen, 1993).
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Figure 1.10. Ras structure. The amino-terminal catalytic domains (amino acids 1-165) of H-RAS, N-RAS
and K-RAS are highly conserved (90-100% identical). The carboxy-terminal sequences diverge
significantly and are referred to collectively as the hypervariable domain (HVR). Region required for
binding of GTP/GDP, region required for binding of efectors and Box CAAX are illustrated. (Figure adapted
from Hancock, 2003).

The HVR was shown to contain two signal sequences that cooperate in targeting Ras to the
plasma membrane. The first signal sequence is the CAAX Box (C=cysteine, A=aliphatic amino
acid, X=serine or methionine) present at the extreme C-terminal (Willumsen, 1984). The CAAX
Box is sequentially post-translationally modified to render it more hydrophobic: the cysteine is
farnesylated, the AAX sequence is removed by proteolysis, and then the C-terminal cysteine is
carboxylmethylated. The second signal sequence consists of a polybasic stretch of six lysine
residues (amino acids 175-180) in K-Ras, palmitoylation of cysteine 181 in N-Ras or of
cysteines 181 and 184 in H-Ras (Hancock, 1990; Hancock, 1991) allowing the location of the

various forms Ras in different regions of the plasma membrane (Prior and Hancock, 2001).

The common part contains binding domains to guanine nucleotides, one interaction region to

exchanger factors of GTP/GDP and one interaction region to effector proteins (see below).
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1.3.2. Biochemical activity of Ras

Ras proteins are GTPases (Gibbs, 1984; McGrath, 1984; Sweet, 1984). GTP-binding activates
Ras causing a conformational change that allows interactions with their effectors while GDP-

binding involves inactivation of Ras.

Ras activation and inactivation proccess is tightly regulated in the cell. There are factors that
favor the exchange of GDP for GTP, called factors of exchange of guanine nucleotide or GEFs
(Wolfman and Macara, 1990; Bonfini, 1992; Ebinu, 1998; Pham, 2000). Ras activated interacts
with several effector proteins and thus it activates several cellular signaling pathways. Some
Ras effectors identified are Raf, PI3K, Ral-GDS, Nore-1, MEKK, PKC(, PLCg, AF6, Rin1 and
Tiam (Zhang, 1993; Hofer, 1994; Rodriguez-Viciana, 1997; Vavvas, 1998).

Due to its low GTPase activity, Ras needs association with stimulating proteins of GTPase
activity or GAPs for inactivation (Martin, 1990; Downward, 1992; Eccleston, 1993). GAP
proteins increased Ras GTPase activity, promoting its inactivation, whereas those GEF proteins

involve exchange of GDP for GTP, promoting Ras activation.
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Figure 1.11. As GTPases, Ras-family proteins cycle between GTP-bound and GDP-bound forms.
The kinetics of GTP hydrolysis and GDP dissociation are catalysed by two classes of auxiliary protein:
GAPs (GTPase-activating proteins) and GEFs (guanine-nucleotide exchange factors), respectively. GEFs
promote the release of bound GDP and the capture of a new GTP molecule, which activates Ras-family
proteins, whereas GAPs stimulate the low intrinsic GTPase activity of Ras GTPases, resulting in

inactivation.

1.3.3. Biological activity of Ras

The diversity of signaling pathways activated by Ras involves a variety of biological effects,
depending on the analyzed system: proliferation, senescence, stop growth, differentiation,
motility and apoptosis. Also Ras can develop different phenotypes and biological process

depending on the cell line (Shields, 2000).
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Often Ras is mutated in human tumors (Malumbres, 2003; Pylayeva-Gupta, 2011). The most
common mutations are punctual mutations that cause constitutive activation of Ras, preventing
the hydrolysis of GTP. The most relevant Ras activating mutations are those affecting codons
12 and 61 (Tabin, 1982; Bos, 1984).

At the beginning, Ras was described as oncogene, and in fact, its transforming ability has been
studied extensively (Barbacid, 1987). However, the majority effect of overexpression of
constitutively active forms of Ras on cell lines is the differentiation, above transformation
(Crespo and Leon, 2000). For its relationship with the work carried out this Thesis we will focus

on the roles of Ras on senescence.

1.3.3.1. Replicative senescence

Moorhead and Hayflick, more than 50 years ago, discovered that normal cells stop dividing after
60-80 population doubling in culture. This phenomenon was studied in human primary
fibroblasts, which were shown to have a limited lifespan in culture. This was called replicative
senescence, and was described as an irreversible growth arrest of cells that had lost their ability
to divide after a certain number of divisions (Hayflick and Moorhead, 1961). Also, they proved
that this growth arrest was not due to anything present in the culture media as they took early
passage cells and transferred them into the conditioned media without any change but it was
due to some intrinsic factors, termed “Hayflick factors” (Hayflick and Moorhead, 1961), which

would accumulate inside the cells until their senescence.

Today this proliferative limit is considered to be triggered largely by erosion of the telomeres but
also by various intrinsic and extrinsic factors such as agents causing DNA damage, oxidative
stress, structure alteration, chemotherapeutic drugs, activation of certain oncogenes and
physiological stress, or even the process of reprogramming to induced pluripotent stem cells
can trigger premature senescence or stress-induced senescence (Kuilman, 2010). However,
different stress stimuli are thus capable of inducing a senescent phenotype without affecting the

telomeres.

1.3.3.2. Markers of senescence

Senescence is a stable and irreversible cell cycle arrest induced at the end of the cellular
lifespan or in response to different stresses and associated with specific morphological

changes.

Senescent cells are viable almost indefinitely, at least in vitro, even if they have stopped dividing
and synthesizing DNA. They typically undergo dramatic morphological and functional changes
and acquire a very distinct gene and protein expression profile. For instance, these cells acquire
increased adhesion to the extracellular matrix and a flattened and much enlarged phenotype

with increased granularity and formation of intracellular vacuoles (Dimri, 1995; Campisi, 2001;
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Serrano and Blasco, 2001; Narita, 2003).

Hall-marks of senescence are upregulation of several different mediators of growth arrest, p53,
pRb, p21, members of the Ink4 family like p16 or p15 (Lowe and Sherr, 2003; Campisi, 2005;
Gil and Peters, 2006), induction of Senescence-Associated B-galactosidase activity (SA-B-gal)
(Dimri, 1995) and formation of Senescence-Associated Heterochromatin Foci (SAHF) (Narita,
2003). In addition, senescence cells secrete a complex mixture of extracellular matrix and
soluble factors, referred to as the senescence-associated secretory phenotype (SASP) or
senescence messaging secretome (SMS) (Kuilman and Pepper, 2009; Coppe, 2010; Acosta,
2013).

Senescence has been most widely studied in fibroblasts in vitro but is also well defined in
melanocytes and epithelial cells as well as cancer cells (Serrano, 1997; Jones, 2000; Lin and
Lowe, 2001; Olsen, 2002; Shay and Roninson, 2004; Michaloglou, 2005). Other cell types
suggested to undergo senescence include haematopoetic and neural progenitors (Geiger and
van Zant, 2002; Palmer, 2001). Morover, senescent fibroblasts secrete proteins that can
influence the tissue microenvironment (Shelton, 1999; Chang, 2002; Zhang, 2003; Mason,
2004; Trougakos, 2006) as well as proinflammatory cytokines such as IL-1, IL-6 and IL-8
(Kuilman, 2008; Orjalo, 2009; Acosta, 2013). Interestingly, paracrine factors produced by
senescent cells have major effects on the growth and survival of tumor cells (Krtolica, 2001) and

also of primary cells (Acosta, 2013).

1.3.3.3. Oncogene-Induced Senescence

Oncogene-induced senescence (OIS) is a protective mechanism to avoid tumor formation as a

barrier for tumor progression.

Ras was the first human oncogene identified and found to be able to transform immortalized
rodent cells and collaborate with immortalizing genes in oncogenically transforming primary
cells, inducing cell cycle arrest when it is introduced alone into primary cell (Parada, 1982;
Serrano, 1997). Unlike replicative senescence, this OIS can not be bypassed by expression of

hTERT, confirming its independence from telomere attrition (Wei and Sedivy, 1999).

Ras accumulation into wild type cells was proved to trigger proliferation followed by an
irreversible growth arrest accompanied by the accumulation of p53 and Ink4 proteins (Serrano,
1997). The oncogene (Ras, Raf, NF1-loss, PTEN-loss,...)-induced senescence was also found
to be bypassed by the inactivation in vitro of pRb and p53 pathways, suggesting similarities to

tumor suppressor mechanisms (Courtois-Cox, 2008).

In adition, mutations that disrupt p53 or pl6, which are sustaining cellular senescence,
cooperate with tumor progression (Braig, 2005; Chen, 2005; Collado, 2005; Lazzerini, 2005;
Michaloglou, 2005).
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Figure 1.12. Oncogene-induced senescence as an anti-cancer fail-safe mechanism.

1.3.3.4. Cancer and senescence

Cellular senescence can compromise tissue repair and regeneration and contribute to depletion
of stem/progenitor cell compartments. The OIS could also lead to removal of defective and
potentially cancerous cells from the proliferating pool thereby limiting tumor development
(Campisi and d'Adda di Fagagna, 2007; Collado, 2007). In contrast to normal somatic cells,
cancer cells have the potential to proliferate indefinitely and this acquisition of an infinite
proliferative potential was proposed to be one of the key events required for malignant
transformation (Hanahan and Weinberg, 2000). The mechanisms that control cellular
senescence, the signalling transduction pathways involved in cellular senescence and how the
diverse signals that result in senescence are all integrated remain poorly defined. There are
several common key regulation checkpoints and very subtle differences between

tumorogenesis and senescence pathways and the balance between one another is a fine line.

Senescence cells are present in a wide range of premalignant lesions (Collado, 2005; Braig,
2005; Sun, 2007; Sarkisian, 2007; Bennecke, 2010; Carragher, 2010). Senescence markers
have been demonstrated in several contexts in vivo, in which oncogenes or tumor suppressor

genes were perturbed (Kuilman, 2010).
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Figure 1.13. Several markers of cellular senescence have been identified in early neoplastic lesions
in both mice and humans. Representative examples are shown in the various columns, with the type of
genetic lesions or other types of stress (stress categories, color-coded) that instigate senescence at the
very top and very bottom, and from thereon inward: the tissue types, specific stress signals, biomarkers,
and symbols legends, respectively. For instance, in B-Raf mutant nevi, the stress category is oncogene
activation (blue), the tissue type is nevus, the specific stress signal is B-Raf, and the biomarkers reported
are cell cycle arrest, increase in SA-B-gal activity, and tumor suppressor activation. (CTX)
Cyclophosphamide; (BCAT) B-catenin; (GL) gland; (N.D.) not determined. (Figure adapted from Kuilman,
2010).

1.3.3.5. Secretome and Inflammasome

Senescent cells secrete a complex mixture of extracellular and secreted factors usually referred
to as the SASP (Senescence-Asociated Secretory Phenotype). It has been also called
senescence messaging secretome (SMS). The production by senescent cells of secreted
factors has been describe much years ago and nowadays gene expression profiles have
confirmed that senescent cells secrete factors related to wound healing, inflammatory response
or cytokine and chemokine signalling (Collado, 2005; Mason, 2009; Kuilman, 2008). The
senescent secretome includes extracellular proteases, growth factors, proinflamatory cytokines
(as IL-1q, IL-18, IL-6) or chemokines (as IL-8).
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IL-1a and IL-18 are minor SASP components (Coppe, 2008). Both proteins are secreted at low
levels, compared to IL-6 and IL-8. IL-1 (both a and B forms) is a multifunctional cytokine that
regulates inflammatory and immune responses primarily by initiating a signal transduction
cascade that ultimately induces IL-6 and IL-8 expression. Recombinant IL-1a and IL-1( bind the
same receptor (IL-1R) and exert similar biological effects. However, IL-18 is active solely as a
mature secreted form, whereas IL-la is rarely secreted at high levels and acts either
intracellularly or as a cell surface-bound protein (Apte, 2006). Moreover, IL-1a, in contrast to IL-
1B, can function as an uncleaved precursor protein (plL-1a) as well as a processed (cleaved)

protein.

Upon binding its receptor, IL-1R, IL-1 induces the formation of a complex containing IL-1R and
its coreceptor (IL-1RAcP). This complex triggers a series of cytoplasmic events that ultimately
activate the transcription factor NFKB, which then transactivates numerous genes, including
those encoding IL-6 and IL-8 (Chien, 2011). In addition, C/EBPB was recently shown to be

important for IL-6 and IL-8 expression in senescent cells (Acosta, 2012; Kuilman, 2008).

Inflammasomes are molecular platforms activated upon cellular stress that trigger the
maduration of proinflamatory cytokines such as IL-1B to engage innate immune defenses.
Several inflammasomes have been described, among them the ones containing NLRP1,
NLRP3, IPAF and AIM2 (Schroder and Tschopp, 2010). There are different types of
inflammasomes, but all they have in common is that they have a site of interaction with
caspase-1 that once activated will drive to the activation of IL-1 (Lamkanfi, 2012). Generation of
IL-1B via cleavage of its proform requires the activity of caspase-1, although the mechanism

involved in the activation of the proinflammatory caspases remains elusive (Martinon, 2002).

1.4.Protein kinases

Action of kinases and phosphatases determinate phosphorylation balance and the
phosphorylation level of each substrate protein. Phosphorylation usually results in a functional
change of the target protein by changing enzyme activity, cellular location, stability or

association with other proteins.

The human genome contains about 500 protein kinase genes and they constitute about 5% of
all human genes (Johnson, 2002; Manning, 2002). Up to 30% of all human proteins may be
modified by kinase activity, and kinases are known to regulate the majority of cellular pathways,

especially those involved in signal transduction (Lee, 1995; Manning, 2002).

1.4.1. MAPK family

Mitogen-activated protein kinases (MAPK) are a family of Ser/Thr protein kinases widely
conserved among eukaryotes and are involved in many cellular programs such as cell

proliferation, cell differentiation, cell movement and cell death. MAPK signalling cascades are
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organized hierarchically into three-tiered modules. MAPKs are phosphorylated and activated by
MAPK-kinases (MAPKKSs), which in turn are phosphorylated and activated by MAPKK-kinases
(MAPKKKs). The MAPKKKs are in turn activated by interaction with the family of small
GTPases and/or other protein kinases, connecting the MAPK module to cell surface receptors

or external stimuli.
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Figure 1.14. MAPK-signaling pathways. MAPK-signaling pathways are organized in modular cascades
in which activation of upstream kinases by cell surface receptors lead to sequential activation of a MAPK
module (MAPKKK — MAPKK — MAPK). Shown are the major MAPK pathway components and examples
of the MAPK pathway target proteins. Target kinases are in bold. Dotted lines indicate context-dependent

signaling connections between MAPK modules. (Figure adapted from Junttila, 2008).

Four MAPK have been described until now: ERK1/2 (Boulton, 1990; Boulton, 1991), p38
(Zervos, 1995; Sudo, 2002), JNK (Gupta, 1995) and ERK5 (Kamamura, 1999; Buschbeck and
Ulrich, 2005).

1.4.1.1. ERK2 and Elk1

The ERK pathway belongs to the family of mitogen-activated protein kinase (MAPK) cascades.
The activation of the ERK2-MAPK pathway by growth factors activates a Ras-like GTPase,
which subsequently induces a three-step kinase cascade involving phosphorylation of family
members as B-Raf, MEK and ERK.

Activated ERK translocates to the nucleus, where it phosphorylates to its interaction partners

and induces changes in gene expression (Khokhlatchev, 1998; Bonni, 1999; Hu, 2009). ERK
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signalling has been shown to be involved in cell-cycle progression (Yamamoto, 2006),
differentiation (Lai, 2001) and proliferation (Zhang and Liu, 2002). Moreover, deregulation of

ERK can lead to severe diseases and cancer (Keld, 2011; Suojun, 2012).

In addition, it has been reported that ERK2 binds at active promoters of genes involved in
metabolic pathways and cell-cycle progression, many of which are essential for survival,
proliferation or pluripotency of hESCs. It is very likely that sequence specific DNA-binding
activity of ERK2 is independent of its kinase activity (Hu, 2009). Moreover, DNA-binding of
ERK2 correlates with the occurrence of specific DNA sequence motifs identified as C/G-AAA-
C/G (Hu, 2009), as well as binding sites for the transcription factor Elk1 (Zhang, 2008; Goke,
2013).

ERK2 (residues 259-277)
KARNYLLSLPHKNKVPWNR

binding
pocket

- ]
negatively positively
charged charged

Figure 1.15. Structural analysis for DNA-binding domain in ERK2. Calculated using PyMol, the
electrostatics surface potential of ERK2 is color-coded. A surface patch (residues 259-277) comprised of
three positively charged clusters are indicated with the amino acid sequence showing above. The ATP-

binding pocket is also shown. (Figure adapted from Hu, 2009).

Elk1 is a transcriptional activator downstream of ERK2. However, genome-wide geneexpression
data shows that knockdown of Elk1l leads to both reduced and elevated gene expression,
indicating that EIk1 might act as a repressor as well. Surprisingly, and in stark contrast to ERK2,
Elk1 binding is highly enriched near genes involved in proliferation, further suggesting that Elk1
has a partially distinct function from ERK2. It has been studied differences between ERK2 and
Elk1 DNA-binding and their genome-wide localization showed ERK2 colocalization with EIk1 at

promoters defining three distinct sets of genomic loci (Goke, 2013).
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Figure 1.16. Model of the transcriptional regulatory network Elk1-ERK2. ERK2 and Elk1 colocalization
defines three distinct modules that target different sets of genes. Combinatorial binding of ERK2 and Elk1
with transcription factors, chromatin regulators, and the basal transcriptional machinery integrates external
signalling into the cell-type-specific regulatory network. (Figure adapted from Goke, 2013).

1.5.URG61 as differentiation model

PC12 cells are derived from rat feochromocitoma, a neoplasia of neuroendocrine system

generated in the suprarenal glands.

After nerve growth factor (NGF) addition, PC12 cells show proliferative arrest and neuronal
differentiation with formation of neurites and overexpression of neuronal markers (Greene and
Tischler, 1976; Mufioz, 1993; Dragunow, 2000). U7 cell line derives of PC12, but has easier
growing and worse respond to NGF, however it differentiates likewise (Greene and Rukenstein,
1981; Burstein and Greene, 1982; Guerrero, 1986; Guerrero, 1988). The URG61 cell line is a
stable U7 subline that contains a mouse N-Ras oncogene (Q61E). This Ras induction results in
a neuronal-like differentiation, which is associated with neuritogenesis, expression of a set of
neuron-specific genes and nuclear expression of c-Jun (Guerrero, 1986; Guerrero, 1988;
Thomson, 1990) which is blocked by Myc (Vaqué, 2008).
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Figure 1.17. Myc blocks Ras-mediated differentiation in UR61 cells. (Figure adapted from Vaqué,
2008).

Activated Ras (K-Ras, N-Ras or H-Ras) induces neuronal differentiation in PC12 and its derived
cells (Crespo and Leon, 2000). The differentiation induced by low concentrations of
dexamethasone (as low as 20 nM) in UR61 is analogous to differentiation induced by NGF in

PC12, thus in both cases almost 100% of cells has extension of neurites.

NGF actives Ras-MAPK pathways inducing differentiation in these cells (Cowley, 1994;
Johnson and Vaillancourt, 1994). This process requires the c-Jun upregulation, which increases
the transcription of typical neuronal genes through ERK and JNK activity (Leppa, 1998; Xiao,
2006).

In PC12, cells shifting ERK activation from transient to sustained inducing neuronal
differentiation (Marshall, 1995). The ERK activation in response to NGF depends on Ras, B-Raf
and Rap-1 activation, which allows its prolongued phosphorylation over time (von Kriegsheim,
2009). The NGF-dependent sustained ERK activation depends on the Rap-1 activation
mediated by the NGF receptor (TrkA) rather than the Ras activation (Brightman and Fell, 2000).
In fact, the activation of the NGF-induced ERK in a mutant PC12 lacking this receptor was
transient, not sustained (Yaka, 1998).

Importantly PC12, U7 and URG61 cells lack of wild-type Max and express a Max, termed

MaXPClZ

, whose dimerization domain is delectioned (Hopewell and Ziff, 1995). These are the
single cell line known lacking Max and it has been described in this cellular model that Myc

does not require Max for transcriptional activity (Ribon, 1994).
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Aims

Myc is an oncogenic transcription factor of the bHLH-LZ family. MYC is one of the most
frequently activated oncogenes in human cancer. Whereas the mechanisms by which Myc
stimulates proliferation have been studied in some detail, the mechanisms by which Myc blocks
differentiation are much less known. Previous work supports the hypothesis that, at least in
some systems, Myc blocks differentiation by repressing genes that drive cell differentiation.

However, despite of nearly half of Myc target genes are repressed, little is known on the
mechanisms responsible for Myc-dependent repression. In order to identify potential new Myc
interaction proteins it was performed in our laboratory a screening yeast two-hybrid assay, using

as bait complete Myc protein, in which Sin3b transcriptional co-repressor was detected.

PC12 is a rat pheochromocytoma cell line that differentiates in response to the activation of the
Ras-MEK-ERK pathway. An unique feature of this cell line is that it is deficient in Max so far has
been described as an “obligate” partner of Myc in transcriptional activation. UR61 is a PC12-
derived cell line with dexamethasone-inducible expression of activated N-Ras oncogene. Ras
induction results in neuronal-like differentiation of UR61. It has been described that Myc blocks
this Ras-mediated differentiation of UR61 cells and that this effect is mediated by inhibition of c-

Jun upregulation.

Moreover, there are several cellular models in which Ras induces senescence. Therefore, it

would be interesting to explore Ras-mediated senescence in our model Max-deficient.

The general aims of the present study were to gain further insight into Myc function in regulation
of transcription and differentiation, and also in Ras-induced senescence. For these purposes we

established the following aims:

1. To identify Myc target genes that could explain the Myc-dependent inhibition of
neuronal-like differentiation of pheochromocytoma cells using genome-wide
approaches.

To explore the mechanisms for Myc-independent transcriptional activity of Max.

To investigate endogenous interaction between Myc and Sin3b.

To elucidate weather Ras induces senescence and the effect of Myc on the Ras-ERK
dependent senescence of pheochromocytoma cells.

5. To investigate the ERK-binding to MYC promoter and its effect on MYC transcription.
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Materials and Methods

3.1. Cell culture

3.1.1. Cell lines and culture

K562 cell line derived from human chronic myeloid leukemia and was originally purchased to
American Type Culture Collection. The cell line K562/S is a K562 subline that can grow
attached to the surface of culture plates. This line was selected after multiple passes K562 cells
in cell culture dishes, removing non-adherent. This cell line was grown in RPMI culture media
(Gibco-Life Technologies) supplemented with 10% FBS (Fetal Bovine Serum) (Gibco-Life
Technologies), 80 pg/ml of gentamicin and 2 pg/ml of ciprofloxacin, at 37° C in a 5% CO,

atmosphere.

URG61 cell line derives from the rat pheochromocytoma PC12 cell line and contains a mouse N-
Ras oncogene driven by a dexamethasone-inducible promoter (Guerrero, 1988). Cells were
grown attached to the plates in DMEN culture media (Gibco-Life Technologies) supplemented
with 10% FBS, 80 ug/ml of gentamicin, 2 pug/ml of ciprofloxacin and 250 pug/ml of neomycin
(Gibco-Life Technologies), at 37° C in a 5% CO, atmosphere.

URMYC (constitutive expression of Myc), URMYCMAX3 (constitutive expression of both Myc
and Max) are UR61 stable sublines generated in our lab by retroviral transfections. Both
sublines were grown in the same conditions than UR61 cells and their specific resistance
selections (50 pg/ml of hygromycin B for pBabe-Myc vector and 1 pg/ml of puromycin for
pBabe-Max vector). The plasmid and viral constructions used are shown in Table 3.1 and Table

3.2., respectively.

UR61-MT-Max2324 (zinc-inducible expression of Max) was generated from UR61 by stable
transfection and selected with 100 pg/ml hygromycin B (Invitrogen). This stable subline was

grown in the same culture media than UR61.

IMR90-MycER and IMR90-RasER stable sublines were generated by retroviral infection of
IMR90 and selected, respectively with 0.5 pg/ml of puromycin and 400 pg/ml of neomycin.
IMR90, are human diploid fibroblast and also were growing in DMEN supplemented with 10%
FBS and antibiotic-antimycotic (Gibco-Life Technologies), which contains penicillin,

streptomycin and amphotericin B, at 37° C in a 5% CO, atmosphere.

Others cell lines used in this Thesis, as HelLa, 293T, NIH3T3 and MEFs, were grown in DMEM
supplemented with 10% FBS, 80 ug/ml of gentamicin and 2 ug/ml of ciprofloxacin, at 37° C in a
5% CO, atmosphere.

3.1.2. Transient transfections

Cells were electroporated by Amaxa Nucleofector device using 100 pl of Ingenio Electroporation

Solution (Mirusbio) per transfection with efficiencies ranging 50-70% of transfected cells as
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scored by the expression of GFP when cotransfected with GFPmax vector. Number of cells,
concentration of plasmid and nucleofection program was chosen according to cell-transfection
database of Amaxa-Lonza. In all cases, were transfected 3 pg of DNA per million of cells, while
the Amaxa transfection program depends on cell line: U-030 to NIH3T3, 1-013 to HeLa and Q-
001 to 293T.

For the generation of sublines with zinc inducible expression of Max, UR61 cells were
transfected with pHebo-MT-Max vector in which the full-length human Max cDNA was cloned in
the sense orientation. Exponentially growing UR61 (10’ cells) were centrifuged 5 min at 1500
rpm and the pellet was suspended in 0.8 ml of DMEN containing 30 ug of the pHebo-MT-Max
vector. The same was performed with pHebo-MT, the corresponding empty vector. Cells were
electroporated at 260 V and 1 mF with BioRad Electroporator device. Following electroporation
cells were cultured in DMEN with 10% FBS. 48 h after electroporation, hygromycin B (100
png/ml) was added to the cell culture for selection of resistant cells. This selection was remained
for several weeks until a pool of resistant cells was obtained. Individual cell clones were isolated
by limiting dilution method in T96 well plates. Several sublines were expanded and analyzed for
Max expression. We performed a pool of clon 23 and 24 and called UR61-MT-Max2324, whose
Max-induction is showed in Results 3.1.6..

Table 3.1. Plasmid used as expression vectors. Respectively empty vectors are shown as e.v..

Expression vector Insert sp. Origin Reference
pHebo-MT (e.v.) - Dr. Grignani Grignani. 1990
Laboratory
pHebo-MT-Max Max Human Dra. Delgado
Laboratory
pCEFL (e.v.) - Dr. Lebn Vaqué, 2005
Laboratory
pCEFL-ERK-NLS ERK-NLS Human Dr. Crespo Rodriguez, 2010
(constitutively active) Laboratory
pCEFL-ERK-DK ERK-DK Human Dr. Crespo Rodriguez, 2010
(not kinase activity) Laboratory

Table 3.2. Viral constructions used.

Viral construction Insert sp. Origin Reference
pBabe (e.v.) - Dr. Amati Laboratory Vlach, 1996
pBabe-Myc Myc Human Dr. Amati Laboratory Vlach, 1996
pBabe-Max Max Human Dr. Amati Laboratory Vlach, 1996
MSCV (e.v.) - Dr. Acosta Laboratory

MSCV-Ras RasV12 Human Dr. Acosta Laboratory

3.1.3. Infection with retrovirus

20 ug of the retroviral vectors, 2.5 pg of the plasmid encoding the VSVG envelope protein and

7.5 pg of a vector expressing the gag-pol retroviral proteins were transfected in 293T cells
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(reach 60-80% confluence) with 75 pl of PEI reagent (at a concentration 1 mg/ml) per

transfection.

48 h post-transfection, the media enriched in retroviral particles from the transfected 293T cells
is collected and filtered using 0.2 mm pore size filters. Then filtered media containing retroviral
particles was complemented with polybrene to a final concentration of 4 mg/ml and added to
IMR90 cells (60-80% confluence). After 3 h, repeat the infection adding the viral supernatant
without aspiration, and twice more, three infection rounds in total. 3 h after last infection media

was replaced with fresh media to decrease VSVG-induced toxicity.

48 h post-infection, IMR90 infected cells were splitted (1:4) and selected with the corresponding

resistance antibiotic.

3.1.4. Induction of cell differentiation and senescence in UR61 cells

The addition of 100 nM Dexamethasone (Dex) (Sigma) for 24-48 h induces Ras overexpression
and differentiation in UR61 cells for 24 h (Vaqué, 2008). Moreover, Ras induces senescence

after treatment over five days in these cells.

To grow this cell line over 48 h is necessary to establish a previous layer of matrigel 1:3000
(Gibco-Life Technologies) diluted in DMEN.

3.2. Assessment of Senescence and Proliferation

3.2.1. SA-B-Galactosidase staining

Cells were washed in cold PBS, fixed for 15 min at RT in PBS-0.5% Glutaraldehyde (Sigma),
washed twice in PBS-1 mM MgCl, pH6 and incubated at 37 °C o/n (no CO,) with fresh
senescence staining solution: 0.5 mg of 5-bromo-4-chloro-3-indolyl P3-D-galactoside (X-Gal),
3.2 mg of Potassium ferricyanide (Ks;Fe(CN)s) and 1.05 mg of Potassium ferrocyanide
(K4Fe(CN)g x3H,0) per ml. Then, samples was washed twice in PBS and observed at

microscopy.

3.2.2. Caspase-1 activity assay

Caspase-1/ICE Fluorometric Assay Kit (R&D Systems) was used to measure caspase-1 activity.
Essentially, cells were treated with Dex for eight days, collected and lysed (Lysis Buffer from Kit)
Cell lysates were tested for protease activity by the addition of a caspase-specific peptide that is
conjugated to the fluorescent reporter molecule 7-amino-4-trifluoromethyl coumarin (AFC). This
cleavage of the peptide by the caspase releases the fluorochrome that, when excited by 400 nm
wavelength light, emits fluorescence at 505 nm, detected with a microplate fluorescence reader

(Thermo ScientificTM Varioskan). Caspase-1 activity were quantified each 30 min for 8 h.

36



Materials and Methods

3.2.3. Crystal violet assay

Cells were washed once in cold PBS, fixed for 1 h at RT in PBS-1% Glutaraldehyde and, after
twice washes with PBS, which were removed and the samples were air-dried at RT. Then, cells
were stained with 0.15% crystal violet (Sigma), scanned and quantified at 595 nm after

dissolution in 1% Acetic acid.

3.3. RNA analysis

3.3.1. RNA isolation

Total RNA was prepared either with the Trizol reagent (Invitrogen) or with the RNA Easy
Extraction Kit (Quiagen).

By the first method, cells were harvested by centrifugation, at 1,500 rpm for 5 min, and washed
with cold PBS. After a spin at 1,500 rpm for 5 min, pellets were lysed with Trizol by pipetting up
and down (1 ml per 5-10x10° cells). Homogenized samples were incubated for 5 min at RT to
let the complete dissociation of nucleoprotein complexes. 0.2 ml of chloroform per ml of Trizol
was added and samples, which were vortexed vigorously for 15 sec and incubated at RT for 3
min. Then samples were centrifuged at 12,000 rpm for 15 min at 4 °C to separate the mixture
into three phases: a phenol-chloroform phase, an interphase and a colourless upper aqueous
phase (the volume of the aqueous phase is about 60% of the volume of Trizol used for
homogenization). RNA remains exclusively in the upper aqueous phase, which is transferred
carefully into fresh tube and RNAs were precipitated with 0.5 ml of Isopropyl alcohol per ml of
Trizol used. After 10 min at RT, samples were centrifuged at 12,000 rpm for 10 min at 4 °C.
Supernatant was removed and RNAs were washed once with 1 ml of 75% Ethanol-DEP per mi
of Trizol and centrifuged at 7,500 rpm for 5 min at 4 °C. Then ethanol was removed and
samples were air-dried for 5-10 min. Finally, RNAs were dissolved in nuclease free-water

through a pipette tip and store at -80 °C.

To prepare RNA used for RNA-sequencing and for microarray hybridization, we used columns

following the RNA Easy Extraction Kit (Qiagen), following the manufacturer’s instructions.

3.3.2. Reverse transcription and quantitative polymerase chain reaction

RT was performed with iScript cDNA Synthesis Kit (BioRad). Supermix reaction was added to 1
Mg getting 40 ul total volume and then it was incubated in a Thermal Robocycler using the
following protocol (Priming: 5 min at 25 °C; reverse transcription: 30 min at 42 °C; inactivation: 5

min at 85 °C; and cold store at 4 °C). The cDNA samples can be stored at -20 °C until used.
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gPCR was performed with the 1Q SYBR Green Supermix Kit (BioRad) in a BioRad MyiQ device
and 1Q5 Optical System software. To the samples were added some components (specific
oligonucleotides at 100 nM and IQ SYBR Green Supermix).

The PCR conditions were determined depending on the nature and complexity of the primers

and the cDNA template. In general, was used the the following PCR protocol:
I. Enzyme activation and initial denaturation: 3 min at 95 °C.
Il. PCR protocol (40 cycles):
A. Denaturing: 15 sec at 95 °C.
B. Annealing: 15 sec at 56 °C (or specific T2 depending on primers)
C. Extension: 20 sec at 72 °C.
Il. Final extension: 5 min at 72 °C.
IV. Melt curve: 5 sec at 55-95 °C (in 0.5 °C increments)

To quantification, the Ct values of samples were normalized respect to the internal control RP-
S14, S18 or B-actin, which have been used as housekeeping gene. Primers sequences used in
RT-gPCR assays are shown in Table 3.3.

The PCR products were checked on 1.5% agarose gels.

Table 3.3. Primers used in the RT-gPCR assays to measure mRNA expression levels.

Gene Sp. Primer sequence (5°-3’) Annelling T2
B-actin Rat CTAAGGCCAACCGTGAAAAG 56
ACCCTCATAGATGGGCACAG
RP-S14 Rat CAAGGGGAAGGAAAAGAAGG 56
GAGGACTCATCTCGGTCAGC
Cdknla (p21) Rat CTTGTCGCTGTCTTGCACTC 58
GCTTTCTCTTGCAGAAGACCA
c-Jun Rat CGCACGCTCCTAAACAAACT 57
CGTTTCCATCTTTGCAGTCA
Neuromodulina Rat GTCAAACCGGAGGATAAGG 57
(GAP43) CTTCTCCACACCATCAGCAA
SNAP25 Rat AGAATCGCCAGATTGACAGG 57
CCATGAGAGAAGCATGAAGGA
Aqp3 Rat AGGAGTTGATGAACCGTTGC 56
AAGCCAAGTTGATGGTGAGG
Bmil Rat TGATAAAAGGTACTTGCGATGC 56
ATGTAGGCAATGTCCATGAGC
Ink4a (p16) Rat AAGGCGAACTCGAGGAGAG 56
GCACCATAGGAGAGCAGGAG
KIf5 Rat GTCGTCTCATTTAAAAGCTCACC 56
CACACCACGCACTGGAAC
LdhB Rat TCTGGATTCTGCTCGGTTTC 56
GACTCCTGCCACATTCACC
Max Rat CACCATAATGCACTGGAACG 56
CTGGTGCGTATGGTTTTTCC
Msn Rat GTGAAGGAGGGCATTCTCAA 56
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ATACCTGGATCCGCTCTTCC
Ndrgl Rat GTCTCCTGCAAGAGTTCGATG 56
TGTCGTGATACGTGAGGATGA
Ngfr Rat GTGTGTGAAGAGTGCCCAGA 56
GTAGACCTTGGGATCCATCG
Pak1 Rat TCCAAACCCAGAGGAGAAGA 56
AACTCCCCTGTGACAGCATC
Ptn Rat GAAAATTTGCAGCTGCCTTC 56
CACACACTCCATTGCCATTC
Ret Rat TTGGTCCAGTCCAACAACAA 56
GCACAGACACGTTGAAATGG
Rgs2 Rat AGGAGAAGCGGGAGAAAATG 56
GCTTTTCTTGCCAGTTTTGG
Rgs4 Rat TGAATCGCTGGAAAACCTG 56
CTTCTTGGCCTTGGGACTTA
Scg2 Rat GGTTGACGAGGAACAGAAGC 56
CACCTCTTCCTGGGTTTGAG
Syp Rat GAGGGACCCTGTGACTTCAG 56
CAGGTGCTGGTTGCTTTTC
Th Rat GGAGGCTGTGGTATTTGAGG 56
CCGGGTCTCTAAGTGGTGAA
Vgf Rat GCCCTCGACCATCTTTCATA 56
TCAGAGAACGCTCGCAATC
Chga Rat GAGGGTCCTCTCCATCCTTC 56
AAGCTGCTGTGTTGCTGTTG
Fofrl Rat AACGTGGAGTTCATGTGCAA 56
GCAGAGTGATGGGAGAGTCC
Tspan2 Rat TGGACTATGGTTTCGATTTGG 56
CACTGTGACTCACGCATGG
Tspan5 Rat TTGGGAATAACGTTTCTTGGA 56
CTGCAAACCCCAGAATGAA
Mdm2 Rat GAACTACCTGGGGAACGACA 56
AGGCAATCAGCAGAATGGTC
I11-a Rat GGCTCACTTCATGAGAACTGC 56
CTGATCTGGGTTGGATGGTC
116 Rat CCGGAGAGGAGACTTCACAG 56
ACAGTGCATCATCGCTGTTC
1-p Rat CAGGAAGGCAGTGTCACTCA 56
GTCGTCATCATCCCACGAG
Myc Rat GAGGTGGAAAACCCGACAG 56
CAGCAGCTCGAATTTCTTCC
Ppplrldc Rat CACCAGCAGGGAAAAGTGAC 56
CATACAGCTGACCCAGTTGC
Myc Mouse CTGTGGAGAAGAGGCAAACC 56
GCAGCTGGATAGTCCTTCCTT
RP-S18 Mouse CGCCGCTAGAGGTGAAATT 56
TTGGCAAATGCTTTCGCTC
Max Human TGTTGTTGTCGGTGACTTCC 56
CATTATGATGAGCCCGTTTG
Myc Human TCCTTGCAGCTGCTTAGACG 56
(amplicon lenght 124bp) TGCACCGAGTCGTAGTCGAG
Myc Human AAGACTCCAGCGCCTTCTCT 56
(amplicon lenght 527bp) GTTTTCCAACTCCGGGATCT
RP-S14 Human TATCACCGCCCTACACATCA 56
GGGGTGACATCCTCAATCC
Actin beta Human AAAATCTGGCACCACACCTTC 56
TAGCACAGCCTGGATAGCAA
Ink4a (p16) Human CGGTCGGAGGCCGATCCAG 56
GCGCCGTGGAGCAGCAGC
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Ink4b (p15) Human GAATGCGCGAGGAGAACAAG 56
CCATCATCATGACCTGGAT
Cdknla (p21) Human CCTGTCACTGTGTCTTGTACCCT 56
GCGTTTGGAGTGGTAGAAATCTG

I1-6 Human CCAGGAGCCCAGCTATGAAC 56
CCCAGGGAGAAGGCAACTGG

I1-8 Human GAGTGGACCACACTGCGCC 56
TCCACAACCCTCTGCACCCA

3.4. Protein analysis

3.4.1. Immunoblot

Cells were harvested by centrifugation, at 1,500 rpm for 5 min, washed in cold PBS and
suspended in lysis buffer (150 mM NaCl, 50 mM TrisHCI pH8, 1 mM EDTA, 1% NP40, 0.2%
SDS, 20 mM NaF) supplemented with protease/phosphatase inhibitor cocktail (Millipore).
Lysates were sonicated 10 min in Bioruptor sonicator (5 pulses of 30 sec each one) to shear
DNA and then it was incubated on ice for 30 min with occasional mixing to extract the proteins.
Then, lysates were centrifuged at 12,000 rpm for 20 min at 4 °C. Supernatants were collected
and stored at -20 °C.

Protein concentration was measured in duplicate by Bradford protocol (Bradford, 1976) using
BSA standard curve. It was added loading buffer 1x (63 mM TrisHCI pH6.8, 10% Glycerol, 2%
SDS, 0.01% Bromophenol blue and 5% p-mercaptoethanol). Samples were heated at 95 °C for
5 min and run on SDS-PAGE minigel (BioRad) at 150 V in running buffer (0.25 M TrisHCI
pH8.3, 1.92 M Glycine and 1% SDS) until the blue front was at the bottom of the gel.

Percentage of the gel was 8% to 15% according to the size of the protein(s) to be detected
(<25 kDa, 15%; 25-50 kDa, 12%; 50-90 kDa, 10%; 90-200 kDa, 8%). Proteins were transfered
into nitrocellulose membrane. A Mini-Gel Box Electrotransfer apparatus (BioRad) was used at
400 mA for 1 h to transfer in transfer buffer (0.25 M of TrisHCI pH8.3, 1.92 M glycine and 10%
Methanol).

Membrane was blocked for 1 h in TBS-T (20 mM Tris pH7.5, 137 mM NaCl and 0.05%
Tween20) with 5% non-fat dry milk under agitation. Following, the membrane was incubated
with primary antibody diluted in TBS-T with 1% BSA for 1-3 h at RT under agitation or o/n at 4
°C. After three washed in TBS-T for 10 min each one at RT, the membrane was incubated with
secondary antibodies (1:10,000) conjugated with IRDye680 or IRDye800 fluorochromes (LiCor

Biosciences) and visualized on Odyssey scanner (LiCor Biosciences).
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Table 3.4. Primary and secondary antibodies used. It is indicated their use in immunoblot blot (IB),

immunofluorescence (IF), immunoprecipitation (IP) and chromatin immunoprecipitation (ChIP).

Antigen Type Origin Reference Use and dilution
Actin Goat Santa Cruz 1-19, sc-1616 | IB (1:2000)
polyclonal Biotechnology
HDAC1 Rabbit Santa Cruz H-51, sc-7872 | IB (1:1000)
polyclonal Biotechnology
Rabbit Santa Cruz C-124, 5¢-765 | isPLA (1:100)
polyclonal Biotechnology
Max . IF (1:100)
Rabbit Santa Cruz C-17,5¢-197 | isPLA (1:100)
polyclonal Biotechnology chip
Mxd1 Rabbit Santa Cruz C-19,sc-222 | isPLA (1:100)
polyclonal Biotechnology
Mouse Santa Cruz i i isPLA (1:25)
monoclonal Biotechnology C-33, sc-42 IB (1:500)
Mouse Thermo Scientific Ab5, MS-1054 IB (1:500)
Monoclonal
Myc IB (1:1000)
; IP
Rabbit Santa Cruz
. N-262, sc-764 ChiP
polyclonal Biotechnology IF (1:100)
isPLA (1:50)
IB (1:1000)
: P
| poydonal | Biotechnology A-20,5c-9% | ChiP
Sin3b IF (1:100)
isSPLA (1:50)
Mouse Santa Cruz IB (1:1000)
monoclonal Biotechnology H-4,5c-13145 | ispl A (1:50)
Rabbit Sgnta Cruz C-20, sc-484 chip
polyclonal Biotechnology
Rabbit Santa Cruz IF (1:100)
CDK9 polyclonal Biotechnology H-169, 5c-8338 | isp| A (1:100)
Mouse Santa Cruz i i IF (1:100)
monoclonal Biotechnology D-7, s¢-13130 isSPLA (1:100)
Rabbit Santa Cruz IF (1:100)
CDK2 polyclonal Biotechnology M2, sc-163 isSPLA (1:100)
RNA-Pol Il | Rabbit Bethyl Labs A300-654A ChiP
P-Ser2 polyclonal
RNA-Pol Il | Rabbit Bethyl Labs A300-655A chip
P-Ser5 polyclonal
. IB (1:1000)
ERk2 | poydonal | Biotesmology k2350153 | IF (1:100)
isPLA (1:100)
Mouse Santa Cruz IF (1:100)
monoclonal Biotechnology D-2, sc-1647 isPLA (1:100)
Donkey .
. . Alexa Fluor 488 A-21206 IF (1:500)
anti-rabbit
Secondary | Goat Alexa Fluor 594 A-11037 IF (1:500)
antibodies anti-mouse
Goat Alexa Fluor 555 A-21428 IF (1:500)
anti-rabbit '
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3.4.2. Immunoprecipitation

3-5x10° cells was harvested and washed once in cold PBS. Then cells were centrifuged for 5
min at 1,500 rpm and pellet was suspended in non-denaturing lysis buffer (50 mM Tris pH7.5,
150 mM NaCl, 1% NP40 and 1 mM EDTA) supplemented with protease/phosphatase inhibitor
cocktail (Millipore).

Lysates were sonicated 5 min in Bioruptor sonicator (5 pulses of 30 sec each one) to shear
DNA and then it was incubated on ice for 30 min with occasional mixing. After, lysates were
centrifuged at 12,000 rpm for 20 min at 4 °C.

Supernatant was collected and distributed in different eppendorfs. 3 pg of primary antibodies
and IgGs (as control of immunoprecipitation) were added and incubated o/n at 4 °C under

agitation.

Dynabeads-protein G (Invitrogen) was used to immunoprecipitation through magnetic
separation technology. 20 pl of magnetic beads per ml were added to samples after o/n sample-
antibody incubation. Protein-antibody-Dynabeads mix was incubated for 2-4 h at 4 °C. Following
magnetic beads were separated through a magnet and washed 3 times for 5 min with 1 ml of
lysis buffer. Mix were suspended in Laemmli sample buffer which was heated at 95 °C for 5 min
to separate antibodies and proteins to Dynabeads which were removed using a magnet and at
the end the samples were loaded in SDS-PAGE minigel.

3.4.3. Chromatin immunoprecipitation

Cells were fixed in 1% FPA for 10 min and fixation blocked with 125 mM Glycine for 5 min. Cells
were washed with cold PBS and lysed in lysis buffer (0.7% SDS, 10 mM EDTA, 50 mM TrisHCI
pH8) for 30 min. Cell lysates were sonicated in Bioruptor sonicator for 30 min at 4 °C (15 pulses
of 30 sec) to fragment DNA to lengths among 300 and 600 bp. Lysates were centrifuged at
12,000 rpm for 10 min at 4 °C and supernatant was aliquoted and diluted 7-fold in dilution buffer
(1% TritonX100, 1.2 mM EDTA, 16.7 mM TrisHCI pH8, 167 mM NacCl). Moreover, 20 pl of

supernatant were separated to be used as input.

ChIP was performed by using magnetic beads coupled to specific antibody and IgG as control.
To reduce nonspecific background, Dynabeads were previously incubated with salmon sperm
DNA at 4 °C for 1 h. Then, the mixture Dynabeads-salmon sperm was incubated with lysates
o/n at 4 °C and washed once for 5 min at RT with low salt wash buffer (1% TritonX100, 2 mM
EDTA, 20 mM TrisHCI pH8, 150 mM NaCl), high salt wash buffer (1% TritonX100, 2 mM EDTA,
20 mM TrisHCI pH8, 500 mM NaCl), LiCl wash buffer (0.25 M LiCl, 1% NP40, 1 mM EDTA, 10
mM TrisHCI pH8) and twice with TE buffer (10 mM TrisHCI pH8 and 1 mM EDTA). Chromatin
was eluted with 200 pl of elution buffer (0.1 M NaHCO3;, 10% SDS), added NaCl and RNase
and keeping 30 min at 37 °C. Finally, it was decrosslinked o/n at 65 °C. Then 10 pl of 0.5 M
EDTA, 20 pl 1 M TrisHCI pH6.5 and 2 ul of 10 mg/mL Proteinase K (Roche) were added to

samples and incubated for 1 h at 45 °C. DNA was purified using Qiaquick columns (Qiagen).
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Not immunoprecipitated input aliquots were also decrosslinked and DNA-purified to be used as

controls.

RT-gPCR of the eluted DNA was performed with the primers showed in Table 3.5 and Table
3.6.

Table 3.5. Primers used to validate chromatin immunoprecipitation assays by RT-qPCR.

Gene Sp. Primer sequence (5°-3’) Amplicon | Annelling
Size T
-1,7 Kb MYC Rat AAATCCGAGAGCCACAACC 234 56
promoter GGTGCGCATTGTTCAAAGTA
-1 Kb MYC Rat GGCATATTCTCGCGTCTAGC 155 56
promoter CGGTCTACACCCCATACACC
-300 bp MYC Rat GCCCGAACAACTGTACAGAAA 232 56
promoter CTCCCCTCCCGACCTCTA
-1,8 Kb MYC Mouse AAGCATCTTCCCAGAACCTG 200 56
promoter ATCCCTAGTCTGCGTTTTGC
-1 Kb MYC Mouse GAAAGCTTGGGTTTGTCCTG 234 56
promoter AATCCTCTTTGCCCCTGTG
+2.2 Kb MYC Mouse ATCTGCGACGAGGAAGAGAA 161 56
promoter ACCGCAACATAGGATGGAGA
Lamp3 Human | AAGAAAGGAGGAGACCCAGGGTATGA 241 56
promoter AGAAACCTACCTGTGCCGGAGAAA
-2 Kb MYC Human AGGAACCGCCTGTCCTTC 215 56
promoter ATCGCTATGCTGGATTTTGC
-1 Kb MYC Human CACAAGGGTCTCTGCTGACTC 232 56
promoter CACACGGAGTTCCCAATTTC
-700 bp MYC Human CTCTGGAACAGGCAGACACA 208 56
promoter CTCCCATTGCATTTGTTGG
-200 bp MYC Human | GTAGTTAATTCATGCGGCTCTCTTACT 227 56
promoter GGGCAGCCGAGCACTCTA
+1 bp MYC Human GGAGGGATCGCGCTGAGTA 78 56
promoter TCTGCCTCTCGCTGGAATTAC
+190 bp MYC | Human GCCGCATCCACGAAACTTT 74 56
TCCTTGCTCGGGTGTTGTAAG
+393 bp MYC | Human CGGGTAGTGGAAAACCAGGTAA 84 56
TCGACTCATCTCAGCATTAAAGTGA
+5 Kb MYC Human | AAGTACATTTTGCTTTTTAAAGTTGATT 80 56
GCTCAATGATATATTTGCCAGTTATTT
+6 Kb MYC Human | TCCCCATATTAGAAGTAGAGAGGGAA 61 56
CTTGGGCATGTGGATGAGTCT
+7 Kb MYC Human ATCGGGAAGGTGTTAGTCTGAATC 62 56
CACTCTCTCCTATTCTGAGGGCTT
+11,5 Kb MYC | Human TGAAGGATGTTGGAGCATGAGTA 80 56
TCTCTTCCCAGTTGAGTCTTGAAA

Table 3.6. Primers used to validate ChIP-seq data analysis by RT-qPCR. Corresponding UPL probes

(Universal Probe Library, Roche) are shown. (Primers designed by Flor Pérez-Campo).

Gene Sp. Primer sequence (5’-3’) Probe Annelling
Ta
ERBB4 (1) Rat GCACCACCAGCCTGCTATAC UPL 41 60
AACCAGCACCATTTCCAGAT
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ERBB4 (2) Rat TGCTTTCCAAGATTAAATACATGC UPL 44 60
CCTGGCAACAGTTGAACACTAT
ERBB4 (4) Rat CCCTAAGTTCATAGCACACATCA UPL 76 60
TGCTTGCCTTTATAAGCAAATCT
FANCC (1) Rat CACTCCTGCAGAGATGAAACA UPL 60 60
AGTGGGCAGATGGTTCTAGG
FANCC (2) Rat AGGACTCTAGGTTCCCATCAGC UPL 56 60
CTTGCTTTGTTTGCCCTCAC
FANCC (3) Rat ACTGTTGTGAGTGCAGCTGTAAG UPL 56 60
CCTGGGGAACCAAGAGTGT
SOX13 (2) Rat GTCAGGGTCAGGAAGTCAGG UPL 110 60
GTCTTTATTGCTGCATAACTCAGG
SOX13 (4) Rat TGACGGCTCTGTCTCTCATTT UPL 111 60
CTGTGCTGGGGCTCACTT
SOX13 (5) Rat CAGACACCTGGGATCCTCTT UPL 42 60
GGATTGGATGTGCATTTGTG
SOX13 (7) Rat GGCATCCGCTCTACCTTTAAGT UPL 2 60
CACCATGGTCTTTTGCTTAAAAA

3.4.4. Immunofluorescence

3.4.4.1. IF in K562/S cells

K562/S cells were grown on coverslips and treated with 20 nM TPA (Sigma) to decrease Myc
expression (Delgado, 1995). 24 h after treatment the cells were fixed for 15 min in 3.7% PFA in
PBS. Then cells were permeabilized with 0.5% TritonX100 for 30 min, blocked for 30 min at 37
°C in 3% BSA/PBS/0.01% TritonX100, incubated with primary antibodies o/n at 4 °C, washed
twice in PBS and incubated with the secondary antibodies at RT for 1 h. Subsequently, to detect
a second protein in the same sample, the samples were blocked in rabbit-serum (sc-2338 of
Santa Cruz Biotechnology) for 1 h and incubated again with primary and secondary antibodies.
After several washes, cells were mounted in mounting medium with DAPI (Invitrogen). Images

were obtained by means of a confocal microscope.

The primary and secondary antibodies used are shown in Table 3.4.

3.4.4.2. IF in HeLa and MEF

HelLa and MEF cells were grown on coverslips and fixed for 15 min in 3.7% PFA in PBS. Then
cells were permeabilized with 0.5% TritonX100 for 30 min and blocked for 30 min at 37 °C in 3%
BSA/PBS/0.01% TritonX100. Then, primary antibodies were applied in blocking buffer o/n at 4
°C, washed twice in PBS and incubated with the secondary antibodies at RT for 1 h. After
several washes, cells were mounted in mounting medium with DAPI. Images were obtained by

means of a confocal microscope.

The primary and secondary antibodies used are shown in Table 3.4.
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3.4.5. in situ Proximity Ligation Assay

3.4.5.1. isPLA in K562/S cells

K562/S cells grown on coverslips were treated with 20 nM TPA (Sigma). 24 h after treatment,
the cells were fixed for 15 min in 3.7% PFA in PBS. Then cells were permeabilized with 0.5%
TritonX100 for 30 min at RT and incubated with blocking buffer (3% BSA/PBS/0.01%
TritonX100) for 2 h at 37 °C.

After blocking, primary antibodies, shown in Table 3.4, were applied in blocking buffer over night
at 4 °C.

On the following day, samples were washed in low buffered Tris Buffered Saline with Tween20
(TBS-T), which was prepared according to the O-LINK Bioscience recipe. Then, the slices were
incubated with the PLA probe solution (containing the secondary antibodies conjugated with the
DNA probes) for 1 h at 37 °C. After the removal of the PLA probe solution, samples were
washed in TBS-T and incubated with the hybridization solution containing oligonucleotides that
hybridize to the PLA probes for 45 min at 37 °C. The samples were washed and subsequently
incubated in the ligation solution (containing the DNA ligase which allows the ligation of the
probes and oligonucleotides to form a round circle DNA strand) for 45 min at 37 °C.
Subsequently, samples were washed in TBS-T and incubated with the amplification solution,
containing DNA polymerase for the rolling circle amplification (RCA), at 37 °C for 90 min.
Finally, they were incubated with the detection stock solution (containing Texas Red labelled
oligonucleotides that hybridize to the RCA product) for 1 h at 37 °C, washed in SSC buffer
(made up according to the manufacturer’s recipe) and ethanol, mounted with DAPI mounting

medium and analysed by means of a confocal microscope.
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Figure 3.1. isPLA technique. Endogenous protein interactions in cells and tissue can be visualized using

regular immunostaining antibodies combined with isPLA technique (or Duolink Kit, OLINK Biosciences).

45



Materials and Methods

3.4.5.2. isPLA in Hela and MEF cells

HelLa and MEF cells were grown on coverslips fixed for 15 min in 3.7% PFA in PBS. Then cells
were permeabilized with 0.5% TritonX100 for 30 min at RT and incubated with blocking solution
for 2 h at 37 °C. After blocking, primary antibodies (shown in Table 3.4.) were applied in
blocking buffer o/n at 4 °C.

On the following day, samples were washed in TBS-T and incubated with commercial buffers
following manufacturer’s instructions of Duolink Kit (OLINK Biosciences), and finally mounted

with DAPI mounting medium and analysed by means of a confocal microscope.

3.5. Luciferase assay

To analyze transcriptional activity of ERK2 over MYC promoter, we constructed some luciferase
reporters containing different fragments and mutated fragments of human MYC promoter into
pBV-luc luciferase vector. Luciferase assays were performed using 1.5 pug of the reporter
plasmid (shown in Table 3.7.), 0.5 pg of the plasmid for renilla luciferase (pRL-Null) and 1.5 pg
of the ERK2 expression vectors. 12 h after electroporation, the cells were cultured with 0% FBS
for 24 h (starved) and then stimulated with DMEN supplemented with 10% FBS (D10F) from 10
min to 30 min and the cells were lysed to determinate the luciferase activity. Notably, stimulation
with D10F after starved state involves ERK activation in the nuclei.

36 h after the different transient transfections the cells were washed in PBS and lysed on the
plate with 200 ul of the PLB solution ("Passive Lysis Buffer"). Lysates were briefly frozen at -80
°C and then centrifuged at 14,000 rpm for 30 sec to clarify. Luciferase assay was performed
using Dual Luciferase Reporter Assay System Kit (Promega) following the manufacturer’'s
instructions. The luciferase activity was measured in in a luminometer TD-20/20 (Turner

Designs). Data were normalized to the values of the Renilla.

Table 3.7. Luciferase reporters used.

Luciferase vector Insert Origin Reference

pRL-Null (renilla) Promega

pBV-Luc Empty vector Addgene He, 1998

pBV-Luc-FragA MYC promoter (human) Addgene He, 1998
-2394/-1194 from TSS

pBV-Luc-FragB MYC promoter (human) Addgene He, 1998
-1194/-741 from TSS

pBV-Luc-FragD MYC promoter (human) Addgene He, 1998
-484/-234 from TSS

pBV-Luc-Dell MYC promoter (human) Addgene He, 1998
-2394/+106 from TSS

pBV-Luc-FragB1 MYC promoter (human) This Thesis
-1194/-1098 from TSS

pBV-Luc-FragB1D2 MYC promoter (human) This Thesis
-1194/-1098 (two ERK boxes
deleted) from TSS
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pBV-Luc-FragB2 MYC promoter (human) This Thesis
-1098/-932 from TSS

3.6. Bioinformatic analysis

3.6.1. Gene expression analysis by microarray hybridization

Total RNA samples from UR61, UR61-Myc (URMYC) and UR61-MycMax (URMYCMAX3) cells,
in differentiating and undifferentiating conditions (+ 200 nM Dex for 24h) were purified with the
RNA Easy Extraction Kit (Qiagen), converted into cDNA probes and hybridized to Affymetrix
chips in the “Unidad de Gendmica y Protedmica” of “Centro de Investigacién del Cancer” (CIC)

in Salamanca (Spain).

The biotinylated cRNAs were hybridized (at 45 °C for 16 h) in the Affymetrix Rat GeneChip
RAT230 2.0. The hybridized arrays were washed and labeled with the GeneChip fluidics station
400, and scanned with Agilent G2500A GenArray Scanner. The high resolution images files
obtained with the Affymetrix GCOS software after the biochip scanning (“.CEL” files) were
normalized with the dChip software (Li and Wong, 2001) for the mean of intensity, using the
PM-MM (Perfect Match-Mismatch) criteria, which removes the background errors from the
intensity signal and analyses exclusively those genes with “present calls” (i.e., genes with signal

above background). The expression levels were converted to logarithmic scale (log,).

The analysis of each experimental condition was based on two independent experiments. The
replicates were used to calculate means, p-values and standard deviations of expression values

of all probes. Each signal was considered valid if it appeared in the two experiments.
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Figure 3.2. An overview of the standard method for analysis of eukaryotic gene expression using

Affymetrix microarrays.
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Finding biological interaction networks application was performed with Ingenuity Pathways

Analysis software (http://www.ingenuity.com/). We analysed all connections, direct and indirect,

using as selection criteria a score over 30. Score is a measure that indicates significant

connections (high value indicates low probability of connection comes about by chance).

3.6.2. RNA-sequencing

3.6.2.1. Library preparation and sequencing

1 ug of total RNA (of two samples: UR61-MT-Hebo and UR61-MT-Max2324, both treated with
100 uM ZnSQO, for 24 h) were used to construct 250 bp-insert size mRNA libraries using lllumina
TruSeg RNA Sample Prep Kit v2 following manufacturer instructions. After quantification, quality
control on a 2100 Agilent Bioanalyzer and normalization, a mix of four barcoded libraries per
lane were submitted for on a High-Seq 2000 lllumina sequencing platform following a 50 bp

Single-End protocol, obtaining a minimum of 40 million reads for each sample.

3.6.2.2. Data analysis

The sequencing reads obtaining for each sample were aligned against the Rat genome (version
RGSC3.4.68) using Tophat algorithm (Trapnell, 2009). A collection of genes identified for rat
were obtained from RefSeq database (rn4) through NCBI web service that was used to
generate a .bed file with the gene coordinates using in house written perl scripts. These gene
coordinates were posteriorly used to obtain the number of sequencing reads (with mapping and
sequencing quality higher than 20) that overlap each one of the genes using Bedtools suite
(Quinlan, 2010). The total number of reads corresponding to each gene, corrected by the total
number of reads generated by each sample, were used to identify genes showing significant
differential expression using DESeq package for R (Anders, 2010).

3.6.2.3. Gene ontology analysis

Gene Ontology (GO) structures biological knowledge by using a controlled vocabulary
consisting in GO terms. GO terms are organized in three general categories: biological process,
molecular function and cellular component, and the terms within each category are linked in
defined parent-child relationships that reflect current biological knowledge. The ontology
analysis of the RNA-seq data obtained was performed using the Babelomics 4.2

(http://www.babelomics.bioinfo.cipf.es/) and Webgestalt

(http://www.bioinfo.vanderbilt.edu/webgestalt) software. The analysis were performed in two
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groups separately, upregulated and downregulated genes. This software retrieves GO

information for input genes and graphically represents the structures information.

3.6.3. ChIP-sequencing

3.6.3.1. Analysis of DNA binding sites from UCSC database (human model)

DNA binding sites for Sin3a and Max proteins identified in K562 human cell line from
ENCODE/HAIB project (release of September 2012) and deposited in University of California
Santa Cruz database (UCSC, http://www.genome.ucsc.edu/). Similarly, DNA binding sites from
Myc protein in K562 and GM12878 cell lines identified from ENCODE/Open Chrom project

(release of September 2012) were downloaded from the UCSC database. In order to restrict the

analysis to only bona fide binding sites, in the case of Sin3a and Max, only those binding sites
present in both technical replicates were used. In the case of Myc, binding sites from two
human hematopoietic cell lines (K562 and GM12878) were compared and the analysis was
restricted to the common binding sites. To detect those binding sites present in gene promoters,
gene information from RefSeq database were downloaded from UCSC database
(GRCh37/hg19 RefSeq release February 2009) and one Kb upstream and downstream of the

transcription starting site for each gene was extracted.

All downloaded files were homogenized to .bed format using in house written perl and awk
scripts. Finally, all comparisons between binding sites of different proteins and with the
promoters  were performed using intersectBed tool from BedTools suite
(http://www.code.google.com/p/bedtools/) (Quinlan, 2010).

A minimum of 10% of sequence overlap between different binding sites was required. The
normalization of binding sites per Mb was estimated considering 51.3 Mb of total promoter

sequence and 3,500 Mb of total genomic sequence (according to RefSeq).

3.6.3.2. Analysis of DNA binding sites from UCSC database (in mouse model)

DNA binding sites for Sin3a, Myc, Max, Pol2, Smc3, CTCF and Znf384 proteins identified in
CH12 mouse cell line from ENCODE/HAIB project (release of September 2012) and deposited

in University of California Santa Cruz database (UCSC, http://www.genome.ucsc.edu/) and

were downloaded from the UCSC database. In order to restrict the analysis to only bona fide
binding sites, only those binding sites present in both technical replicates were used. To detect
those binding sites present in gene promoters, gene information from RefSeq database were
downloaded from UCSC database (GRCm38/mm9 release July 2007) and one Kb upstream

and downstream of the transcription starting site for each gene was extracted.
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All downloaded files were homogenized to .bed format using in house written perl and awk
scripts. Finally, all comparisons between binding sites of different proteins and with the
promoters  were performed using intersectBed tool from BedTools  suite

(http://www.code.google.com/p/bedtools/) (Quinlan, 2010).

A minimum of 10% of sequence overlap between different binding sites was required. The
normalization of binding sites per Mb was estimated considering 48.4 Mb of total promoter

sequence and 3,500 Mb of total genomic sequence (according to RefSeq).

3.6.3.3. ChIP-seq of UR61-MT-Hebo and UR61-MT-Max2324

3.6.3.3.1. Library preparation and sequencing

A minimum of 10 ng of immunoprecipated DNA (together with control DNA inmunoprecipitated
with anti-lgG antibody) were used to construct 250 bp insert size DNA libraries using lllumina
ChiP-seq Sample Preparation Kit following manufacturer instructions. After quantification,
quality control on a 2100 Agilent Bioanalyzer and normalization, a mix of six barcoded libraries
per lane were submitted for on a High-Seq 2000 lllumina sequencing platform following a 50 bp

Single-End protocol, obtaining between 20 and 30 million reads per sample.

3.6.3.3.2. Data analysis

The sequencing reads obtaining for each sample were aligned against the rat genome (version
RGSC3.4.68) using BWA algorithm (Li and Wong, 2001). Enrichment regions were identified
from the aligned data of both experimental and control sample using MACS algorithm (Zhang Y,
2008) constructing the model with peaks with a fold between 5 and 30, a minimum p-value of
0.05, and with the options —on-auto and —to-large. Those peaks that overlap regions contained
in RepeatMasker database for rat were discarded. Posteriorly the coverage of each peak in
each experimental and control sample were calculated using Bedtools suite (Quinlan, 2010) and
those peaks in the experimental sample that contains not more than 2 reads in the control
sample were selected as positive enrichment regions. Finally, the relative location of the
positive peaks respecting the rat annotated genes was annotating using Ensembl perl API tools
(http://www.ensembl.org/).

These peaks detected were analysed with Integrative Genomics  Viewer

(http://www.broadinstitute.org/igv/) to evaluate enrichment and select genes to validation.
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Results

PART I: MYC AND MAX TARGET GENES AND DIFFERENTIAL EXPRESSION ANALYSIS
USING MICROARRAYS, RNA-SEQ AND CHIP-SEQ

4.1.1. Myc-dependent gene expression in Max-deficient cells

It has been demonstrated by our group that Myc blocks Ras-mediated differentiation of UR61
cells and that this effect is mediated by inhibition of c-Jun upregulation (see Introduction). UR61
cells do not express wild type Max, but a truncated form (Max"*?) unable to bind MYC. This is
most interesting as it represents the unique known example of Myc function independent of

Max.

URG61 sublines with constitutive Myc expression (URMYC) and constitutive both Myc and Max
(URMYCMAX3) were generated in our lab (Pablo Garcia, PhD Dissertation).

In this part we set out to study the mechanisms by which Myc exert this biological effect (the
blocking of differentiation) with and without Max and identify their target genes. For this, we
compare transcriptomes of UR61, URMYC and URMYCMAX3 treated and untreated with
dexamethasone (Table 4.1) using Affymetrix chip hybridization as described in Materials and
Methods.

Table 4.1. Samples analysed by microarrays. The analysis of each experimental condition was based
on two independent experiments (Experiment-1 and Experiment-2) for each condition. In total, twelve RNA
samples were hybridized and analysed.

Experimental samples Ref. Exp-1 Ref. Exp-2
1.- UR6G1 05 08
2.- UR61 +200 nM Dex for 24h 05 08
3.- URMYC 05 08
4.- URMYC +200 nM Dex for 24h 05 08
5.- URMYCMAX3 08 Nov08
6.- URMYCMAX3 +200 nM Dex for 24h 08 Nov08

Chip hybridization data was collected for all the above samples using Affymetrix Rat230 2.0
platform. The hybridization reactions were processed and scanned according to standard
Affymetrix protocols. From each cell line and condition, two independent experiments with cell

harvests, labelling and chip hybridization experiments were performed.

Firstly, the expression mRNA levels of Myc, Max, Gap43 and c-Jun was assessed by RT-gPCR
as control of the cellular model (Figure 4.1.). The results showed that as described c-Jun
expression was dramatically upregulated in response to Ras-mediated differentiation and that
Myc abrogated this upregulation. They also confirmed the lack of expression of MAX, except in
URMYCMAX cells, and interestingly, the transient upregulation of endogenous and ectopic Myc

shortly after differentiation, likely due to a posttranscriptional mechanism.
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Figure 4.1. Relative mRNA expression of Myc, Max and differentiation markers. (A) Cells were
treated for 24 h with 200 nM Dex as indicated. Relative mRNA expression of Myc and (B) Max,
endogenous (rat) and exogenous (human) levels, were measured by RT-gPCR as control of experiment
previous to validation. (C) Relative mRNA expression of endogenous c-Jun and Gap43, as control of

differentiated condition, are shown. To allow comparisons, the residual Max expression has been given
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dChiP software was used to bioinformatic analysis. In a first joint analysis of all samples clearly
two groups were distinguished, untreated and treated cells (Figure 4.2.), and also we found a
good clustering between duplicates. The analysis shows that there are not extensive differences
between URMYC and URMYCMAXS transcriptomes. In fact, the bioinformatic tools clustered
both samples together (Figure 4.2.). The clustering indicates that gene profiling of the two
independent experiments of each treatment or cell line are similar enough to allow the analysis

as “duplicates” through the dChip platform.

The expression profiles were compared among different cell lines and experimental conditions
separately with dChip software (see below). The value obtained in each analysis for each gene
is the “fold change”, calculated as “mean baseline expression of experimental sample/mean
baseline control sample”. It has been transformed at logarithmic scale (log,) and the values
have been considered significant over 2.3-fold (> log,1.2) (complete list of genes differentially
expressed appears in Annex 1).

Validation of microarray results was done using RT-gPCR on a subset of genes (Table 4.2.)
Altogether we could validate the 90% of expression changes detected by microarray hybridation

plus dChip statistical analysis.

Table 4.2. Subset of genes included in the validation of microarray data.

Symbol Gene
Agp3 Aguaporin 3

Chga Chromogranin a

KIf5 Kruppel factor 5

LdhB Lactate dehydrogenase B
Mdm2 Mdm2 p53 dinding protein
Ndrgl N-Myc downstream regulated gene 1

Ngfr Nerve growth factor receptor
Pakl P21-activated kinase 1

Ret Ret proto-oncogene

Rgs4 Regulator of G.protein signalling 4
Syp Sinaptophysin

Tspan2 | Tetraspanin 2
Tspan5 | Tetraspanin5
Vof Nerve growth factor inducible
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Figure 4.2. Hierarchical clustering analysis of gene expression profiles. (A) Hierarchical clustering of
genes and samples by differential gene expression. 31099 probesets were detected corresponding to
14788 annotated genes filtered by RepeatMasker. (B) The samples, used by duplicate, correspond to
UR61, UR61 +Dex for 24 h, URMYC, URMYC +Dex for 24 h, URMYCMAX3 and URMYCMAX3 +Dex for
24 h. The gene expression is shown in logarithmic scale from green (lower expression) to red (higher

expression) as indicated at the bottom of the panel.
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4.1.2. Gene expression profile induced by Ras during UR61 differentiation.

To know the gene expression profile of UR61 cells before and after Ras-induced differentiation
we used the Affymetrix hybridization analysis. The results are shown in Figure 4.3., which show
a dramatic change in gene expression in differentiating cells (24 h after Ras induction by

dexamethasone).

As expected, most of selected genes for validation as Ret, Vgf, Ngfr, Chga, KIf5, Rgs4 and
Mdm2 are induced in neuronal-like differentiation (Figure 4.3.B), which were validated by RT-
gPCR (Figure 4.3.C).

Next, we used Ingenuity Pathways software to performed network analysis with the validated
data, which revealed that c-Jun transcription factor is the main node located in the middle of
network when compare differentiated and undifferentiated cells (Figure 4.4.) suggesting that the
neuronal differentiation phenotype in this rat pheochromocytome model is mediated by this

transcription factor.
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Figure 4.3. Genes regulated in Ras-induced differentiation in UR61 model. (A) Heat-map showing
1790 probesets which expression has changed due to neuronal-like differentiation with an expression
change > 2.3-fold. The duplicates clustered, where the genetic expression is shown in log, scale from

green (lower expression) to red (higher expression). These cells were treated for 24 h with 200 nM of
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dexamethasone and compared with untreated cells. (B) Expression changes of selected genes from the
microarrays data. (C) The relative expression of these genes was confirmed by RT-qPCR. The values are

means from two independent experiments.
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Figure 4.4. c-Jun regulates neuronal-like differentiation. Network obtained from analysis of comparison
URG61 vs. UR61 +Dex performed by Ingenuity Pathways software, which shows c-Jun transcription factor
as main regulator of neuronal-like differentiation in this model. The network score is significant (score 34
by Ingenuity Pathways) and correspond with behaviour, nervous system, development and gene

expression pathways. Green colour indicates downregulated and red colour upregulated signature genes.
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4.1.3. Gene expression profile induced by Myc in UR61

We next used this Max-deficient cell model to study whether Myc overexpression results in
changes in gene expression. For this purpose we compared the gene expression profiles based
in microarray data of controls cells and cells overexpressing human Myc, and the results are
shown in Figure 4.5.B.

The validation by RT-gPCR confirmed that Pakl and Ndrgl are upregulated, whereas Chga,
Vgf, Syp, Ngfr, Rgs4 and Ret are downregulated in URMYC growing cells (Figure 4.5).
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-200 -150 -100 -50 0 50 -4 -2 0 2 4
Fold Change (log2) Relative mRNA expression (log2)

Figure 4.5. Genes regulated by Myc in URMYC cells. (A) Heat-map showing 1457 probesets which
expression has changed due to presence of Myc in growing cells with an expression change > 2.3-fold.
The duplicates clustered, where the genetic expression is shown in log, scale from green (lower
expression) to red (higher expression). (B) Expression changes of selected genes from the microarrays
data after comparison UR61 vs. URMYC growing cells. (C) mRNA expression of the indicated genes were
determined by RT-gPCR. The values are means from two independent experiments. Grey bars indicate

expression levels obtained by RT-gPCR which do not correspond with microarray data.

58



Results

4.1.4. Myc-mediated differential gene expression during UR61 differentiation.

Most of the genes regulated by Myc in growing URMYC cells (Pakl, Chga, Vgf, Syp, Ngfr and
Rgs4) are genes reported as specific of neuronal linage (Figure 4.6). This result confirms that

Myc provokes an arrest in neural differentiation of UR61 cells.

Also, Ingenuity Pathways analysis showed Myc as a major transcription factor involved in

blocking neuronal-like differentiation in URMYC cells (Figure 4.7.).
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Figure 4.6. Genes regulated by Myc in differentiated URMYC cells. (A) Heat-map showing 1630
probesets which expression has changed in presence of Myc during differentiation in UR61 cells with an
expression change > 2.3-fold. The duplicates clustered, where the genetic expression is shown in logz
scale from green (lower expression) to red (higher expression). (B) Expression changes of selected genes
from the microarrays data after comparison between UR61 and URMYC cells, both treated with 200 nM
Dex (C) mRNA expression levels of the indicated genes were determined by RT-gPCR. The values are
means from two independent experiments. Grey bars indicate expression levels obtained by RT-qPCR

which do not correspond with microarray data.
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Figure 4.7. Myc-blocked neuronal-like differentiation in URMYC cells. Network obtained from analysis
of comparison UR61 +Dex vs. URMYC +Dex with Ingenuity Pathways software, which shows Myc as main
regulator of blocked neuronal-like differentiation in this model. The network score is significant (score 41
by Ingenuity Pathways) and correspond with amino acid metabolism, small molecule biochemistry and cell

cycle pathways. Green color indicates downregulated and red color upregulated signature genes.
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4.1.5. Max-mediated differential gene expression in Myc-expressing cells.

We also used this cell model to study whether Max overexpression results in changes in gene
expression profile. For this purposes we compared the gene expression profiles of Myc-

expression cells with cells overexpressing human Myc and human Max (Figure 4.8.).

Only 192 probesets were found with an expression change > 2.3-fold in this comparison, which
are represented in the heat-map from Figure 4.8.A. Mdm2 and Tspan2 are upregulated by Max
in Myc-expressing cells, whereas Ndrgl and Tspan5 are repressed (Figure 4.8.B). All of them
were validated by RT-gPCR (Figure 4.8.C).
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Figure 4.8. Genes regulated by Max in Myc-expressing cells. (A) Heat-map showing 192 probesets
which expression has changed in presence of Max with an expression change > 2.3-fold. The duplicates
clustered, where the genetic expression is shown in log, scale from green (lower expression) to red (higher
expression). (B) Expression changes of selected genes from the microarray data after comparison
URMYC vs. URMYCMAX3 growing cells. (C) Expression of these genes determined by RT-gPCR. The

values are means from two independent experiments.
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4.1.6. Max-mediated differential gene expression during UR61 differentiation.

We investigated the role of Max in this model during neuronal-like differentiation. We confirmed
that Chga, Agp3, Tspan5 and Ndrgl expression levels are lower in differentiated URMYCMAXS3
cells with respect to differentiated URMYC cells, whereas Mdm2 is overexpressed (Figure 4.9.).
Ingenuity Pathways analysis revealed that in presence Max, Myc continues being in the central
node of networks, suggesting that Myc is the responsible for the change of gene expression in

this model when the neuronal differentiation is blocked also in presence of Max (Figure 4.10).
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Figure 4.9. Genes regulated by Max for blocking of Ras-induced differentiation. (A) Heat-map
showing 628 probesets which expression has changed in presence of Max during differentiation in these
cells with an expression change > 2.3-fold. The duplicates clustered, where the genetic expression is
shown in log; scale from green (lower expression) to red (higher expression). (B) Expression changes of
selected genes from the microarrays data microarray data after comparison URMYC vs. URMYCMAX,
both treated with 200 nM Dex, are illustrated. (C) Expression of these genes determined by RT-qPCR. The
values are means from two independent experiments. Grey bars indicate expression levels obtained by
RT-gPCR which do not correspond with microarray data. The values are means from two independent

experiments.
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Figure 4.10. Myc is in the central node in the network obtained when Myc blocks neuronal-like
differentiation in presence of Max. Network obtained from analysis of comparison URMYC +Dex vs
URMYCMAX +Dex with Ingenuity Pathways software. The network score is significant (score 42 by
Ingenuity Pathways) and correspond with molecular transport and protein trafficking pathways.

4.1.7. Gene expression profile induced by Max in UR61.

After several failed attempts to generate a cell line expressing constitutive Max, we decided to
generate a UR61 subline with zinc-inducible expression of this protein. For the generation of
this subline, UR61 cells were transfected with pHebo-MT-Max vector in which the full-length
human Max cDNA was cloned in the sense orientation, and pHebo-MT-empty vector as control
(as described in Materials and Methods)

After transfection and selection, we performed a pool of two clones Max inducible (identified as
23 and 24) which called UR61-MT-Max2324. These cells were expanded and analyzed for Max
expression by western blot after 24 h with 80-120 uM ZnSO, (Figure 4.11).
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Figure 4.11. Generation of Max-inducible system. Immunoblot analysis of inducible Max expression in
UR61-MT-Max2324 cells after treatment with 100 uM ZnSO4 for 24 h. It was analyzed by western blot with
anti-Max and anti-Actin (antibodies are shown in Table 3.4.of Materials and Methods).

Next we analysed gene expression profiles by RNA-seq using the lllumina Genome Analyzer to
study particular functions of Max and its potencial targets genes. As the UR61-MT-Max2324
expressed detectable levels of Max even in the absence of inducer (Figure 4.11), we compared
the transcriptome of Zn** treated UR61-MT-Max2324 cells with that of cells transfected with the
empty vector (UR61-MTHebo) also treated. RNA-libraries of UR61-MT-Hebo and UR61-MT-
Max2324 treated with 100 uM ZnSO, for 24 h by duplicate were constructed as described in
Materials and Methods.

After normalization, the obtained data suggested significant differences in Max-expressing cells.
Thus, we selected a subset of genes (Table 4.3.) to validate by RT-gPCR. All the expression
changes detected by RNA-seq were confirmed (Figure 4.12.).

Table 4.3. Subset of genes included in the validation of RNA-seq data.

Symbol Gene
Scg2 Secretogranin Il

Chga Chromogranin A

Th Tyrosine hydroxylase

Snap25 Synaptosomal-associated protein, 25kDa
Ppplrl4c | Protein phosphatase 1, regulatory (inhibitor) subunit 14C

Msn Moesin

Rgs2 Regulator of G-protein signaling 2, 24kDa
Fgfrl Fibroblast growth factor receptor 1

Ptn Pleiotrophin
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Figure 4.12. RNA-seq data validated by RT-qPCR. The expression levels of all the analysed genes were
confirmed by RT-gPCR in Max-expressing cells, which induction was also confirmed (black bar). The

values are means from two independent experiments.

Statistical analysis showed 519 annotated genes over p-value 0.05 (Annex 2), 258
downregulated and 261 upregulated in presence of Max, whose ontology was analysed
separately by two independent software, Webgestalt and Babelomics 4.2., with similar results.

The gene ontology analysis of upregulated genes in Max-expressing cells showed several
significant biological processes involved, most of them related with cellular adhesion and
mobility (Figure 3.1.14). Moreover, the list of significantly enriched KEGG pathways includes:
axon guidance (adjP=0.0002), cell adhesion (adjP=0,00003), regulation of actin cytoskeleton
(adjP=0.001), Wnt signalling (adjP=0.0118) and cancer (adjP=0,0002).

Also, the majority of genes downregulated in Max-expressing cells are related mainly with

metabolic pathways (djP=0.0140) and different components of synapsis and cytoskeleton.

4.1.8. Myc and Max binding sites on the genome found by ChlP-seq.

The goal of ChIP-Seq data analysis is to find those genomic regions that are enriched in a

particular transcription factor.

Regions of high sequencing read density are referred to as “peaks” to evoke the visual
impression of many reads mapping to a specific region compared to few reads mapping to the

genomic background.
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In a parallel approach we will carry out ChIP of UR61 cells and analyse Myc and Max binding
sites at the genome level by ChlIP-seq. As this is the only cell line known to lack Max, it will be
most interesting to identify Myc binding sites on the genome that occur in the absence of Max

and compare with Max-expressing cells.

UR61-MT-Max2324 cells were treated with 100 uM ZnSO, for 24 h to induce Max expression
and then they were harvested, fixed and immunoprecipitated with Myc antibody and 1gG as
control. Parental cells, UR61-MT-Hebo (e.v.), were also treated with ZnSO, to control possible

zinc-mediated gene regulation effects.

After quality controls, libraries were performed from these DNAs and sequenced using the
lllumina Genome Analyzer. The sequencing reads obtaining for each sample were aligned

against the rat genome and MACS algorithm was used to identify enrichment regions.

The listed genes were filtered by score >50, coverage sample >20 and location inside gene or
promoter, which we defined as 2 Kb upstream from TSS. Also, we discard genes whose control

has not 0 reads in their control sample.

In Max-deficient cells, Myc-peaks were found in 271 annotated genes (Annex 3.A). In Max-
expressing cells Myc-peaks were identified on 120 annotated genes (Annex 3.B). These peaks

were visualized with Integrative Genomics Viewer (IGV) (http://www.broadinstitute.org/igv/) to

evaluate enrichment and select genes to validation, which are shown in Table 4.4. An example
of images obtained from IGV of the peaks located on the selected genes is showed in Figure
4.13.A.

Table 4.4. Genes included in the validation of ChIP-seq data.

Symbol Gene

Erbb4 v-erb-b2 avian erythroblastic leukemia viral oncogene homolog 4
Sox13 SRY (sex determining region Y)-box 13

Fannc Fanconi anemia, complementation group C protein

It is well-known that Myc and Max co-occupy sites on the genome in Max-expressing cells.
However in absence of Max, our results suggested that Myc binds to different sites and with

less intensity to DNA.

Chip-seq data showed many genomic sites bound by Myc in controls cells (without Max) and
not bound in Max-expressing cells. However Myc binding in all of these sites was not confirmed
by individual ChIP analysis using different amplicons for the tested DNA regions. On the other
hand, we found a number of genes bound in Myc-Max expressing cells but not in Myc only-
cells. These were putative Myc-Max target genes and we assayed individually the Myc binding
on the promoters of ERBB4, SOX13 and FANCC genes (Fig 4.13.B)
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Figure 4.13. Validation of ChlIP-seq data analysis.
UR61-MT-Max2324 cells, both treated with 100 pM ZnSO4
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After sequencing, the data obtained was visualized with IGV, i.e. ERBB4 are shown. Grey signal
represents reads. (B) ChIP experiments were carried out on UR61-MT-Hebo and UR61-MT-Max2324,
both treated with 100 pM ZnSO, to induce Max expression in UR61-MT-Max2324. Chromatin was
immunoprecipitated using antibodies against Myc and Max and it was analysed by RT-gPCR at the
amplicons indicated surrounding the ERBB4 (ChlP-seq score 52.3), FANCC (ChlIP-seq score 68.1) and
SOX13 (ChIP-seq score 41). Data indicate the fold enrichment at each amplicon (detailed in Materials and
Methods) against rabbit anti-lgG. Shown are the mean values +SEM obtained from replicate experiments
with error bars indicating the range of values. (Experiments performed in collaboration with Flor Pérez-
Campo in Dr. Ledn’s laboratory).
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PART 1I: ERK BINDS MYC PROMOTER INCREASING THEIR TRANSCRIPTION

4.2.1. MYC promoter is enriched in ERK-Boxes

It has been reported that ERK2 binds at active promoters of genes involved in metabolic
pathways and cell-cycle progression, many of which are essential for survival, proliferation or
pluripotency of hESCs. It has been proposed that sequence specific DNA-binding activity of
ERK?2 is independent of its kinase activity. Moreover, DNA-binding of ERK2 correlates with the
occurrence of specific DNA sequence maotifs identified as C/G-AAA-C/G (ERK-Boxes hereafter)

and binding sites for the transcription factor EIk1 (see Introduction).

Therefore, we looked for ERK-Boxes on the human MYC gene and we found that these boxes
are located above all in their promoter (Figure 4.14.A) and they are highly conserved in mouse
and rat (Figure 4.14.B).
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Figure 4.14. Distribution of ERK-Boxes on MYC. (A) ERK-Boxes on human MYC gene and their
promoter, defined as 2 Kb upstream from the TSS. (B) ERK-Boxes distribution on promoters of rat, mouse
and human MYC. ERK-Boxes are illustrated in green (CAAAC), red (CAAAG), pink (GAAAG) and blue
(GAAAC), as defined in Hu, 2009.
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4.2.2. ERK2 binds to MYC promoter

NGF-induced differentiation of PC12 cells, and its derivatives, is dependent on Ras-MEK-ERK
activation (Cowley, 1994). Consistently, MEK1/2 inhibitors, as PD98059 or UO0126, also
suppress PC12 differentiation (Hamada, 2009).

On the rat MYC promoter we found three conserved regions enriched in ERK-Boxes, located at
-300 bp, -1 Kb and -1.7 Kb from the TSS. ChIP assays in UR61 cells showed binding of ERK2
to their specific DNA sequence motifs when ERK was activated by Ras. The same experiment
was performed in URMYC cells and the results reported that Myc partially blocks ERK activation
and there are lower DNA-binding (Figure 4.15.).
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Figure 4.15. ChIP experiments show significant ERK-binding on rat MYC promoter. ERK was
activated by Ras in UR61 and URMYC cells through treatment with 100 nM Dex for 4 h. The chromatin
was immunoprecipitated and the DNA subjected to RT-gPCR for the showed amplicons along MYC
promoter. The amplicons of the PCR reactions are described inMaterials and Methods. The results are
expressed as fold enrichment of DNA in chromatin immunoprecipitated with ERK2 antibody (above the

signal with rabbit anti-IgGs).

We also found high rate of specific DNA binding sites on human and mouse MYC promoter and
it was correlated with DNA binding of ERK2 in human cells (HeLa or 293T) and in mouse

immortalized embryonic cells (MEF).

First, HeLa cells were treated with interferon-y (IFN-y) to active ERK expression, which was
validated by ChIP of ERK on LAMP3 promoter as positive control (Hu, 2009) (Figure 4.16.A). In
the same experiment we studied ERK-binding to different positions of MYC promoter (-2 Kb and
-1 Kb from TSS), which showed enrichment in ERK-Boxes, and other region without ERK-Boxes
as negative control (+2.2 Kb from TSS) (Figure 4.16.A). Also, we performed ChIP experiments
in 293T and MEF cells deprived of serum for 24h (starved) and stimulated with 10% FBS until

30 min to induce ERK activation. The results showed significant binding of ERK2 on regions
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analyzed on human and mouse MYC promoters, defined as 2 Kb upstream from TSS (Figure
4.16.B and Figure 4.17.).

In summary, ChIP assays suggested that ERK binds to ERK-Boxes situated around 1 Kb
upstream from MYC TSS in human cells, whereas that in mouse cells, ERK binds to other

conservative region surrounding 1.8 Kb upstream.
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Figure 4.16. ChIP experiments show significant ERK-binding on human MYC promoter. (A) HelLa
cells were culture in normal media supplemented with 10,000 U of IFN-y to activate ERK. (B) 293T cells
were deprived of serum for 24 h (starved) and stimulated for 10 and 30 min with 10% FBS. In both cases,
the chromatin was immunoprecipitated with ERK2 antibody or IgG and the DNA subjected to RT-qPCR for
the shown amplicons along MYC promoter. The amplicons of the PCR reactions are described in Materials
and Methods. The results are expressed as fold enrichment of DNA in chromatin immunoprecipitated with
ERK2 antibody (above the signal with rabbit anti-lgGs). Values are means from two independent

experiments.
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Figure 4.17. ChIP experiments show significant ERK-binding on mouse MYC promoter. MEF cells
were deprived of serum for 24 h (starved) and stimulated for 10 and 30 min with 10% FBS. The chromatin
was immunoprecipitated with ERK2 antibody or IgG and the DNA subjected to quantitative PCR for the
shown amplicons along MYC promoter. The amplicons of the PCR reactions are described in Materials
and Methods. The results are expressed as fold enrichment of DNA in chromatin immunoprecipitated with
ERK2 antibody (above the signal with rabbit anti-lgGs). Data are means +SEM from three independent

experiments.

4.2.3. Activated ERK increases Myc expression levels

Thus, we determined the mRNA expression level of Myc when ERK is activated and bound to
MYC gene. After serum deprivation for 24 h, 293T cells were stimulated with 10% FBS for 10
and 30 min (Figure 4.18.A). Also, 293T were transfected with ERK-NLS, a constitutively active
and nuclear form of ERK (Rodriguez, 2010) (Figure 4.18.B). In both cases, activated ERK is
correlated with Myc overexpression, as assessed by RT-gPCR. The same occurred in mouse
cells (Figure 4.19.).
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Figure 4.18. Activated ERK increases Myc mRNA expression levels in human cells. (A) Myc mRNA
levels were measured by RT-gPCR in 293T cells deprived of serum for 24 h (starved) and stimulated with
10% FBS for 10 and 30 min to activate ERK. (B) 293T cells were transfected with ERK-NLS and deprived
of serum for 24 h. B-actin mRNA levels were used for normalization. Values are means of two independent
experiments.
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Figure 4.19. Activated ERK increases Myc mRNA expression in mouse cells. (A) Myc mRNA levels
were measured by RT-gPCR in MEF cells deprived of serum for 24 h (starved) and stimulated with 10%
FBS for 10 and 30 min. (B) Transfected and deprived of serum for 24 h 3T3 cells were stimulated with
10% FBS for 30 min and also treated with 10 pM UOO0126 for 1 h before harvested. (C) 3T3 cells were
transfected with ERK-NLS or the corresponding empty vector (e.v.), deprived of serum for 24 h and
compared with growing transfected cells. RP-S18 mRNA levels were used for normalization. Values are

means from two independent experiments.

Although it was known that Ras-ERK stabilizes and thus upregulates Myc protein, work in Dr.
Crespo’s laboratory has shown that this effect is independent of ERK kinase activity because
transfection with the mutant ERK2-DK, lacking kinase activity, also showed increased levels of
Myc protein (not shown).

4.2.4. ERK binds ERK-Boxes increasing transcriptional activity

To analyze transcriptional activity of ERK on MYC promoter, we constructed luciferase reporters
containing different fragments (A, B, D and Dell) of human MYC promoter (Figure 4.20.) into
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pBV-luc vector. Luciferase assays were performed using 1.5 pug of the reporter plasmid, 0.5 pg
of the plasmid for renilla (pRL-Null) and 1.5 pg of the expression vectors of ERK. 12 h after
electroporation, the cells were cultured without serum for 24 h. Cells were cotransfected with
luciferase reporter and renilla and after starvation they were stimulated with culture media
supplemented with 10% FBS for 10 and 30 min.

The results suggest that the critical region for ERK-dependent transactivation is located around
-1 Kb from TSS of MYC corresponding with FragB construction (Figure 4.21.A and 4.21.C),

which coincides with the promoter region bound to ERK2 detected by ChIP assays (see above).

Then, we also generated mutants of pBV-FragB-luc, called pBV-FragBl1-luc, pBV-FragB1D2
and pBV-FragB2-luc (Figure 4.20.). Next luciferase experiments showed that pBV-FragB1-luc
had higher activity in presence of activated ERK than others mutants in HelLa cells (Figure
4.21.B). This pBV-FragBl-luc contains two ERK-Boxes located around -1 Kb from TSS of
human MYC (Figure 4.20.).

Moreover, in presence of MEK1/2 inhibitor (UO0126), the luciferase activity is reduced (Figure

4.22).
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Figure 4.20. Map of luciferase reporters of human MYC promoter used. ERK-Boxes are illustrated in

green (CAAAC), red (CAAAG), pink (GAAAG) and blue (GAAAC), as defined in Hu, 2009. The specific

coordinates of each one are showed in Materials and Methods.
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Figure 4.21. Relative luciferase activity of ERK in human cells. (A) Relative luciferase activity of ERK
in HelLa cotransfected with ERK-NLS and different luciferase reporters of MYC promoter, and (B)
cotransfected with ERK-NLS and mutants of pBV-FragB-luc. (C) Luciferase activity of ERK in HelLa cells
transfected with pBV-FragB, starved and then stimulated with 10% FBS for 30 min. Luciferase activity was
measured 36 h after transfection and normalized against the renilla value. The means +SEM from three

independent experiments are shown.
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Figure 4.22. Relative luciferase activity of ERK in 293T cells. (A) 293T cells were transfected with
luciferase reporters (pBV-luc and pBV-FragB-luc) and, 12 h post-transfection, the cells were deprived of
serum for 24 h. Then, cells were stimulated or not with 10% FBS. (B) 293T cells were cotransfected with
expression vectors for ERK-NLS or empty vector (e.v.) and luciferase reporters (pBV-luc and pBV-FragB-
luc) and treated or not with 10 uM UO0126 for 1 h before harvested. Luciferase activity was measured 36
h post-transfection and normalized against the renilla value. The means from two independent

experiments are shown.

4.2.5. ERK2 genome-wide coincides with Elk1 and CDK9

ERK lacks DNA interaction motif, and thus we assumed that ERK needs other partners for the
transcriptional regulation of MYC described above. Thereby, we investigate the role of EIk1 as
ERK cooperator because it has been reported differences between ERK2 and Elkl DNA-
binding and their genome-wide localization showing ERK2 colocalization with Elk1 at promoters

(see Introduction).

For this purpose we analysed the genome data generated by the ENCODE project and made
public through the UCSC browser. There are not ChiP-seq data for ERK1/2 in ENCODE project
(UCSC browser), but the ChlP-seq data for EIk1 in several cell lines (GM12878, K562 and
Hela) is available. These data showed enrichment of Elk1-binding in three regions of human
MYC promoter, the first one mapping at -700 bp, the second at -1.1 Kb and third region is close
to -2 Kb from TSS of human MYC (Figure 4.23.).
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Figure 4.23. Elk1 genome-wide at human MYC promoter. Chip-seq data for Elk1 (data of ENCODE
project, UCSC browser) is illustrated on human MYC promoter in K562, GM12878 and Hela cells. Three
peaks are detected between -500 bp and -2 Kb from TSS.

Also it has been reported that Myc generally plays a role in RNA polymerase Il (Pol 1l) pause
release and does so through recruitment of pTEFb (formed by CDK9 and CyclinT1). CDK9 is
responsible for phosphorylation of Ser5-Pol Il, which is the form associated with initiation of

transcription (see Introduction).

It has been described that CDK9 colocalize with Ser5-phosphorylated Pol Il (Pol 1I-Ser5P)
around TSS of MYC, whereas Ser2-phosphorylated Pol 1l (Pol II-Ser2P) is associated with
elongation and is bound to 3’ end of genes (Larochelle, 2012; Ghamari, 2013). We have
performed ChIP experiments for CDK9, Pol II-Ser5P and Pol lI-Ser2P and we have also found
binding on the described sites along human MYC (Figure 4.24.), confirming a recent report
(Larochelle, 2012). Next, we studied DNA-binding of ERK2 and EIk1 in these sites in growing
human cells, whose results showed that CDK9 also localize before TSS, close to binding region
of ERK2 and EIk1 around to -1 Kb from MYC TSS (Figure 4.24.).
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Figure 4.24. CDK9, ERK2 and Elk1 are bound to chromatin on human MYC promoter. (A) Map of

studied amplicons on human MYC, which sequences are showed in Materials and Methods. (B) Chromatin
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of HeLa and 293T was immunoprecipitated with anti-Pol 1I-Ser2P, anti-Pol II-Ser5P, anti-CDK9, anti-ERK2
and anti-Elk1 and the DNA subjected to RT-gPCR for the amplicons mapping at the coordinates indicated
at the graph bottom. The results are expressed as fold enrichment of DNA in chromatin

immunoprecipitated above the signal with anti-lgGs.

4.2.6. ERK2 interacts with CDK9

The above ChIP results suggested that ERK2 and CDK9 might be interacting bound to specific
chromatin regions. To explore this hypothesis we performed in situ Proximity Ligation Assay
(isPLA).

First, we performed immunofluorescence to confirm the colocalization of ERK2 and CDK9 into
the nuclei in HeLa and MEF cells (data not shown). The iSPLA demonstrated the interaction
between CDK9 and ERK2, where we used the Myc-Max interaction as positive control and the
interaction between ERK2 and CDK2 and sample without primary antibody as negative controls
(Figure 4.12).

Also the interaction between ERK2 and CDK9 (but not CDK7 and CDK8) has also been
demonstrated by coinmmunoprecipitation experiments. Moreover, the interaction region of
CDK®9 responsible of interacting with ERK2 was identified (results obtained by Javier Rodriguez

in Dr. Crespo’s laboratory).

Erk2 & Cdk9 Erk2 & Cdk2
Myc & Max

Figure 4.25. CDK9 and ERK2 interact in situ in HelLa cells. Interaction between ERK2 and CDK9 in

HelLa cells by isPLA. Myc-Max interaction is the positive control, whereas ERK2-CDK2 and no primary
antibody are negative controls. The same experiment was performed in MEF cells with similar results (not

shown). (Experiments performed in collaboration with Lorena Agudo, from Dr. Crespo’s laboratory).
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RESULTS PART Ill: MYC INHIBITS RAS-MEDIATED SENESCENCE

4.3.1. Myc inhibits Ras-mediated senescence in UR61 cell (lacks Max protein)

URG61 is a PC12-derived cell line with inducible expression of the N-Ras oncogene. Previous
experiments in our lab showed that Myc impairs the neuronal-like differentiation induced by Ras
blocking c-Jun upregulation (Vaqué, 2008). This model provides the opportunity to analyse the

activity and functions of Myc in absence of Max.

The accumulation of oncogenic Ras is initially mitogenic but over time an antiproliferative
response ensues and cells acquire a characteristic senescent morphology. Ras-induced
senescence absolutely requires the activation of Raf-MEK-ERK signalling cascade, which
provides cells with constitutive mitogenic signals and after also triggers Ras-induced cell cycle

arrest through accumulation of p16, p21 or p53 (see Introduction).

Therefore, we have used UR61 as senescence model by accumulation of N-Ras after Dex
treatment and in this part we also have studied the role of Myc on this Ras-induced senescence
in the UR61-MYC cell line (URMYC hereafter) that shows constitutive expression of Myc

protein.

At least five or six days are needed to develop senescence in most cellular models. Therefore
UR61 and URMYC cells were grown over matrigel to get optimum growth conditions during this

time and to avoid detachment and death of senescent cells (see Materials and Methods).

Time-lapse video microscopy experiments showed that most of the cells undergo differentiation
in response to Ras, although the neurite-extension process is transient and can last longer or
shorter depending on the individual cell (Figure 4.26.). After differentiation, UR61 cells
showed a senescent-like morphology subsequently to described Ras-induced neuronal
differentiation, whereas apparently URMYC cells had a quiescent state at the end, but not
senescent. This was also showed in SA-B-gal assays (Figure 4.27) and crystal violet staining
(Figure 4.28.).

However, endogenous and even exogenous Myc expression in URMYC cell line is rather low
and when growing on artificial matrix (i.e., matrigel), there are a higher fraction of cells that
undergo differentiation in response to Ras that on plastic (not shown), which become senescent
after differentiation. This is showed in Figure 4.26., where a differentiated URMYC cell
(ilustrated with blue dot) becomes senescent after differentiated state, in contrast to another

cell, not differentiated (illustrated with orange dot).
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TIME-LAPSE

Figure 4.26. Captures of time-lapse video microscopy. UR61 and URMYC were cultured over matrigel

+Dex 50 nM

UR61

and treated with 50 nM Dex for over five days. Orange dot shows a quiescent URMYC cell, in contrast to
differentiated and then senescent cell, marked with a blue dot.

- .....
- ...

Figure 4.27. Ras-induced senescence in UR61 cell line, whereas do not in URMYC. SA-B-gal assay in
UR61 and URMYC treated with 100 nM Dex for six days. Senescent UR61 and quiescent URMYC cells
are shown after SA-B-gal staining. These cells were culture in T6 plates, which were scanned after assay

and they show a positive activity as blue colour in treated UR61 cells.
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Figure 4.28. Ras-induced cell cycle arrest in UR61. (A) Cristal violet staining of UR61 and URMYC
treated and untreated for six days with 100 nM Dex. They were cultured in T24 plates by duplicate. (B)
Quantification of crystal violet experiments showed in A. The data are mean values from two independent

experiments.

It has been reported that Ras transactives p21 promoter through the Raf-MEK-ERK pathway,
whereas Myc antagonizes the Ras-mediated growth arrest, at least partially, by impairing p21
upregulation (Vaqué, 2005). It has also been shown that high levels of constitutively active Raf
and MEK can activate p21 expression per se, indicating that, at least, the Ras-Raf-MEK
pathway can bring about p21 upregulation. To repress p21 expression, Myc forms a complex

with the zinc finger protein Miz1, which binds to their proximal promoter (see Introduction).

p21 has been described as a senescence marker and we also have demonstrated in the UR61
cells that the induction of N-Ras for five days results in the overexpression of p21 and
senescence phenotype, whereas that Myc impairs this upregulation (Figure 4.29.A), suggesting
that Myc mediates the inhibition of Ras-induced senescence. However, the results could just
reflect the direct action of Myc on p21 promoter rather than a consequence of senescence
inhibition. Thus we studied expression levels of other described senescence marker as p16 and
the results showed that p16 is also upregulated in treated UR61 cells and Myc impairs this

overexpression (Figure 4.29.B).

Then, we can conclude that the accumulation of N-Ras induces senescence in this rat
feochromocitome model and Myc blocks it independently of Max. However, the molecular

mechanism by which Myc impairs Ras-mediated senescence in this model is still unknown.
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Figure 4.29. pl16 and p2l1 are upregulated in UR61 senescent cells and Myc impairs this
overexpression. (A) Relative expression of mRNA levels of p21 and (B) p16 in UR61 and URMYC
treated cells with 100 nM Dex along five days. The graph shows mean values from two independent

experiments.

4.3.2. Myc blocks secretion of interleukins related with secretome of senescent

cells independently of Max protein

Senescent cells secrete a complex mixture of secreted and extracellular factors usually called
senescence-associated secretory phenotype (SASP) and this is related to wound healing,
inflammatory response and cytokine and chemokine signalling. This secretome includes
extracellular proteases, growth factors and proinflamatory cytokines and chemokines (see
Introduction). Thereby, we studied the expression of several factors related with this secretome
as IL-1a, IL-1B and IL-6 and in all cases we found higher expression levels in UR61 cells than
URMYC (Figure 4.30.). Therefore, the N-Ras-induced senescence in UR61 is related with the
following secretion of several interleukins, whereas that the results suggest that Myc impairs this

senescence-associated secretory phenotype.
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Figure 4.30. Ras induces overexpression of some factors related with secretome and Myc blocks
its expression. (A) Relative mRNA levels of IL-1a, (B) IL-18 and (C) IL-6 in UR61 and URMYC cells
treated with 100 nM Dex along five days. The graph shows the mean values of two independent

experiments.
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4.3.3. UR61 senescent cells shows high caspase-1 activity, do not impairs by Myc

On the other hand, it is believed that the secretion of proinflamatory cytokines by senescent

cells initiates an innate immune response in vivo.

Inflammasomes are molecular platforms activated upon cellular stress that trigger the
maturation of proinflamatory cytokines such as IL-13. Generation of IL-1B via cleavage of its
proform requires the activation of caspase-1, therefore we determined caspase-1 activity by
fluorometric assay in our model. The results showed higher activity in cells treated with 100 nM
Dex for eight days than untreated cells (Figure 4.31.). However, we did not find significant

differences in presence of Myc, at least along this period time.
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Figure 4.31. Senescent cells show highest caspase-1 activity. UR61 and URMYC cells were treated
and untreated with 100 nM Dex for eight days. The fluorometric was performed taking lectures each 30

min until ten lectures.

Moreover, UR61 and URMYC cells were seeded in T24 plates and treated with 100 nM
caspase-1 inhibitor and 100 nM Dex. The cells were fixed six days after seeding and the plates
were stained with crystal violet, which was extracted and quantified. The treatment with
caspase-1 inhibitor partially prevented the cell cycle arrest observed during Ras-induced
senescence (Figure 4.32.), which suggests that caspase-1 is related with the senescence
development in these cells. Again, there are not significant differences in caspase-1 activity in

Myc-expressing cells.
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Figure 4.32. Caspase-1 inhibitor partially prevented the cell cycle arrest observed during Ras-
induced senescence in UR61 and URMYC. (A) Crystal violet staining of cells cultured for six days in T24
plates and treated with 100 nM Dex and 100 nM caspase-1 inhibitor. (B) Quantification of crystal violet

shown in A. The graph shows the mean values of two independent experiments.

4.3.4. Primary human fibroblast as model to study Ras-Myc relationship in

senescence

To better understand the Myc-Ras relationship in senescence we used IMR90 primary human
fibroblasts, an established senescence cellular model (Acosta, 2013). These experiments were
performed using early passage IMR90 cells to prevent confounding effects of replicative

senescence.

IMR90-MycER, stable cell line derived from IMR90, expresses the conditional MycER fusion
protein. The fusion of Myc to a modified version of the ligand-binding domain of the estrogen
receptor allows the selective activation of Myc by the addition of the synthetic estrogen analog
40HT (4-O-Hidroxy-Tamoxifen).

At first, IMR90-MycER were infected with retroviruses of RasV12 and their corresponding empty
vector (e.v.) and selected with their respective antibiotic to get stables cell lines (IMR90-MycER-
e.v. and IMR90-MycER-RasV12). After selection, these cells were cultured with 10% FBS and
with or without 200 nM 40HT to active Myc expression.
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By using this system, we have studied Ras-Myc relationship in senescence and identified genes

whose expression is modified by Myc in Ras expressing cells.

Three days after infection, expression levels of p15, p16, p21 and proinflamatory cytokines or
chemokines as IL-6 and IL-8 were assessed by RT-gPCR. Our results confirmed that Ras
induce accumulation of senescence markers as p15, p16 and p21 in primary human fibroblasts
(Figure 4.33.A). In contrast, the activation of Myc by 40HT has not clear effect on the
expression of these proteins, although Myc-Ras cooperation results in pl5 upregulation.
Otherwise, Myc blocked IL-6 and IL-8 expression induced by Ras (Figure 4.33.B) in parallel with
the results observed in rat model (see above).
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Figure 4.33. Effect of Myc on the expression of senescence-related genes. (A) Relative mRNA
expression of senescence markers as pl6, pl5 and p21 and (B) interleukins 6 and 8 in stable IMR90

derived cells treated with or without 200 nM 40HT to induce Myc activation.
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Moreover, these IMR90 derived cells were cultured supplemented with or without 200nM 40HT
for eight days and then they were fixed and stained with crystal violet to study Myc-Ras
relationship in proliferation (Figure 4.34.). Apparently there is a basal level of Myc-dependent
transformation due to the leakiness of the MycER system (Figure 4.34.A) and, surprisingly, after
induction with 40HT, there was an extensive cell death due to high Myc levels (Figure 4.34.A
and Figure 4.35.A). On the other hand, Ras expression arrested IMR90 cells causing
senescence phenotype (Figure 4.35.B) accompanied by upregulation of senescence markers
(see above). SA-B-gal staining also revealed an increase of positive senescent cells in Ras-

expressing cells (Figure 4.35.B).
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Figure 4.34. Ras-induced cell cycle arrest in IMR90 cells and IMR90-MycER cells dead after
induction with 40HT of high levels of Myc independently of Ras. (A) Stable IMR90 derived cell lines
were seeded in p100 plates and fixed after treatment with or without 200 nM 40HT for eight days to stain

with crystal violet. (B) These samples were quantify, which are illustrated.
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Figure 4.35. Morphology of IMR90, IMR90-MycER and IMR-Ras-MycER. These cells were cultured for
eight days with or without 200 nM 40HT. (A) Images of growing cells (4x) and (B) fixed cells to SA-B-gal

assay (10x) by means of Zeiss microscope.

90



Results

RESULTS PART IV: MYC INTERACTS WITH SIN3

In view of the results observed in the UR61 (Max deficient) model, we considered the possibility
that one of the keys for the multiple and varied effects of Myc is its ability to interact with other

proteins different from Max.

In order to identify any of these potential new proteins it was performed in our laboratory a
screening yeast two-hybrid assay, using as bait complete Myc protein (Pablo Garcia-Sanz, PhD
Dissertation). One of the positive clones contained a plasmid whose sequence corresponds to a
region of the Sin3b protein (amino acids 5-194). This region contains the PAH1 domain and part

of the PAH2 domain of this protein. PAH domains are involved in protein-protein interaction.

The study of this positive clone was particularly attractive to us because Sin3b has an important
role in the regulation of transcription and has been implicated in the transcriptional repression

mediated by Mxd a protein with which interacts physically.

After confirming the specificity of the interaction between Myc and Sin3b in yeasts, this
interaction was also studied in animal cells. Firstly, this interaction was shown by co-
immunoprecipitation in 293T transfected cells with expression vectors of human Myc and Sin3b
proteins. Moreover, the interaction between Myc and Sin3b also was detected in UR61 cells
(which do not express Max wild type protein), indicating that Myc does not need to form

heterodimers with Max to interact with Sin3b (Pablo Garcia-Sanz, PhD Dissertation).

4.4.1. Interaction between endogenous Myc and Sin3b

We next asked whether endogenous Myc and Sin3b interacted in the cells. We selected for this
purpose the human myeloid leukemia K562 cells, as they are known to express high levels of
Myc and, in contrast to 293T cells, express endogenous Sin3b. We conducted
immunoprecipitation with Myc and Sin3b antibodies. Myc was detected in Sin3b
immunoprecipitates and Sin3b was also detected in Myc immunoprecipitates, although at lower
levels, in agreement with the lower Sin3b expression in these cells as compared to Myc (Figure
4.36.). The results showed that at least a fraction of endogenous Myc and Sin3b proteins
interact in the cells. Moreover, endogenous HDACL1 is detected in both immunoprecipitates,

which is consistent with the described interaction between Sin3b and HDAC (Figure 4.36.)
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Figure 4.36. Endogenous Myc and Sin3b interacts in human leukemia cells. Lysates from K562/S
cells were immunoprecipitated with Sin3b and Myc anti-rabbit antibodies and the levels of Sin3b and Myc
were analysed by western blot using anti-mouse antibodies. IgG HC, rabbit heavy chain (anti-mouse IgG
slightly cross react against rabbit 1I9G). Also, HDAC1 was detected in both immunoprecipitates. Antibodies

used are shown in Materials and Methods.

Most of Myc and Sin3b localize in cell nuclei and the expectation would be that the Myc-Sin3b
complexes would be also nuclear. By immunofluorescence we showed that Myc and Sin3b

Figure 4.37. Myc and Sin3b colocalize in the nuclei of K562/S cells. Immunofluorescence of the
indicated proteins in K562/S cells treated or not with 20 nM TPA for 24 h. Antibodies used are shown in

colocalize in the cell nuclei of K562/S cells (Figure 4.37.).

Control

20nM TPA

Materials and Methods.

The total expression of Myc and Sin3b was assessed by western blot (Figure 4.38.). As control,
K562/S cells were treated for 24 h with 20 nM TPA to reduce Myc expression (Delgado, 2005).
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Figure 4.38. TPA reduce Myc levels in leukemia cells, whereas do not affect to Sin3b, Max and
Mxd1 expression. Immunoblot of Myc, Sin3b, Mxd1 and Max expression in K562/S cells untreated and
treated with 20 nM TPA for 24 h. Antibodies used are shown in Materials and Methods.

To confirm the interaction between endogenous proteins and the localization, we performed in
situ Proximity Ligation Assay (isPLA) in K562/S cells. The basics of this method of detecting

protein interactions are described in Materials and Methods of this work.

We achieved isPLA in growing cells and in TPA-treated cells. isPLA was performed with
antibodies against Myc and Sin3b. As positive controls we also tested the interaction between
Myc and Max and between Mxdl and Sin3b. The results showed that endogenous Myc and
Sin3b interact in the cell nuclei as expected (Figure 4.39.A). Consistently with the lower Myc
expression in TPA-treated cells, the level of interaction was also reduced in these cells, as

demonstrated by the quantification of the corresponding signals (Figure 4.39.B).
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Figure 4.39. Detection of endogenous Myc-Sin3b interaction by isPLA. (A) A representative nuclei is
shown for each pair of interactive proteins assayed. Nuclei were counterstained with DAPI. (B)
Quantification of the isPLA signals. At least 200 nuclei were scored for each pair of assayed proteins.
100% means that the positive signal covers the entire nucleus. Data are mean values of four independent
experiments. Error bars are SEM.

4.4.2. Sin3a also binds Myc

The data shown so far argues for a Myc-Sin3 DNA binding in the cell nucleus. Myc binds to
DNA E-Boxes to regulate expression, but we did not know whether both proteins can be form
complexes while bound to chromatin. We asked whether Sin3 should also be found on a
fraction of the Myc-bound chromatin sites as assessed by ChIP assays. For this purpose we
analysed the genome data generated by the ENCODE project and made public through the
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University of California Santa Cruz browser (UCSC). There are no ChIP-seq data for Sin3b in
the data of ENCODE project, but the Chip-seq data for Sin3a in several cell lines is available.

The genome-wide pattern of Sin3a and Myc binding, as determined by ChIP-seq, in several
human cell lines are deposited in UCSC as part of the ENCODE project. The bioinformatic
analysis revealed that Sin3a is present in ~20% of the Myc sites on the human genome.
Interestingly, the colocalization of Myc and Sin3a is 40-fold more frequent in the chromatin
region surrounding the transcription start site of the genes (Figure 4.40.). Chip-seq data for
Max, the Myc heterodimerization partner, is also available. The analysis revealed all Myc+Sin3a

sites are also occupied with Max (Figure 4.40.C).
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Figure 4.40. Co-localization of Myc and Sin3a on human chromatin binding sites on the genome of
K562 cells shared by Myc, Max and Sin3a. (A) The black bars refer to the total sites and the grey bars to
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the number of sites in the promoter, defined as 1 Kb upstream and downstream from TSS. (B) Number of
sites normalized per Mb of genomic DNA. (C) Venn diagram indicating the number of promoters showing

colocalization of Sin3b, Myc and Max. More than one ChIP-positive site may be present in the promoters.

Although the ChIP data do not demonstrate the interaction, it is in agreement with the
hypothesis that Myc and Sin3a/b are in the same complex in the cells. This was directly
assessed in our lab by performing re-ChIP in K562 cell line (performed by Lucia Garcia-
Gutierrez) and the results showed that Sin3b colocalize with Myc on the E-box containing

promoter region of two typical Myc target genes (CAD and LDHB, data not shown).

After ChIP-seq analysis, we tried to found a correlation between binding and expression level
associating ChlP-seq and RNA-seq data of K562 cells. There are more genes with Myc binding
in their promoters than Sin3 (Figure 4.41.A). However there was not a correlation among the
three groups of genes and differences in their level expression depending on whether Myc,

Sin3b or both are bound to their promoter (Figure 4.41.B).
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Figure 4.41. Correlation between gene expression and DNA-binding of Myc and Sin3b on the
promoters of K562 cells. (A) Number of genes with Myc, Sin3a or both bound to their promoter, defined
as 1 Kb upstream and downstream from TSS. (B) The graph shows the RKPM (reads per Kb per million of
mapped reads) from the RNA-Seq data against the percentage of expressed genes, normalized for each

immunoprecipitated protein.
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Likewise, we also analysed the co-occupation of Myc and Sin3a on mouse genome (CH12, B-
cell lymphoma cell line) and again we found a significant fraction of genomic sites occupied by
both factors, and this fraction dramatically increases in the regions around the TSS (Figure
4.42.).

Moreover, on mouse genome we have studied co-occupied sites by Myc and other proteins as
Max, Sin3a, Pol2, as well as, Smc3, CTCF and Znf384 as negative controls (Figure 4.43), to
demonstrate the Myc-Max and Myc-Sin3b bound-enrichment in promoters. The results in mouse
cells, as it occurred in human cells, are that more that 60% of the Myc bound regions also

contained Sin3a.
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Figure 4.42. Co-localization of Myc and Sin3a proteins on mouse chromatin in CH12 cells. (A)
Binding sites in the genome of CH12 cells shared by Myc, Max and Sin3a. The black bars refer to the total
sites and the grey bars to the number of sites in the promoter, defined as 1 Kb upstream and downstream
from TSS. (B) Number of binding sites occupied by the indicated proteins normalized per Mb of genomic
DNA.
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Figure 4.43. Overlapping between peaks of Myc and peaks of Max, Sin3a and others factors on

mouse genome. (A) Overlap on complete mouse genome and (B) on promoters, defined as 1 Kb

upstream and downstream from TSS.
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Discussion

5.1. DISCUSSION-PART I: Myc and Max target genes and differential expression analysis

using microarrays, RNA-seq and ChIP-seq

It has been demonstrated by our group that Myc blocks Ras-mediated differentiation of UR61
cells and that this effect is mediated by inhibition of c-Jun upregulation. UR61 cells do not

express wild type Max, but a truncated form (Max"“*?

) unable to bind Myc. This is most
interesting as it represents the unique example of Myc function independent from Max.

Therefore, Myc should have different functions and target genes in absence of Max.

Therefore we have compared transcriptomes of UR61, URMYC and URMYCMAXS3 treated and
untreated with dexamethasone (to induce Ras-mediated differentiation) using Affimetrix
microarrays. The validation of microarray data was done by RT-gPCR on a subset of genes with
90% efficiency. This has provided data to study the mechanisms by which Myc exerts this
biological effect (the blocking of differentiation) with and without Max and identify their target

genes.

dChiP software was used to bioinformatic analysis. In a first joint analysis of all samples clearly
two groups were distinguished, untreated and treated cells (Figure 4.2.), and also we found a
good clustering between duplicates. However, the analysis shows that there are not significant
differences between URMYC and URMYCMAXS3 transcriptomes, but a significant number of
genes changed in their expression (Figure 4.8). However, the gene expression changes were
more profound when comparing UR61 vs. URMYC than when comparing URMYC vs.
URMYCMAX (Figure 4.5 and Figure 4.8). It must be noted that these two cell lines are stable
tranfectants obtained after selection and multiple passage in culture. So it is possible that some
differences among these cell lines reflect not only the presence of Max but also clonal

differences.

The expression profiles were compared among different cell lines and experimental conditions
separately with dChip software. Then, data was analysed with Ingenuity Pathways software,
which suggested that c-Jun transcription factor has an important role into neuronal-like
differentiation process, whereas that Myc was found as central node of blocked differentiation

network in Myc and in Myc-Max expressing cells.

To better characterize the network of genes that mediate Max signalling effects in target genes,
we generated UR61 cells that express Max inducible by ZnSQ,, called UR61-MT-Max2324.

These cells were used to search for Max-dependent changes in transcript levels.

According to transcript profiling obtained from RNA-seq and its subsequently gene ontology
analysis, Max has a significant function related with cellular adhesion, axon guidance, mobility

and cytoskeleton.

We also used the Max-inducible cells to identify direct Myc and Max binding sites by ChIP-seq

in regulatory regions of the genes.
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The compared ChIP-seq data between UR61 expressing Myc-only and Myc+Max showed a
number of genomic sites where Myc apparently bound without the concourse of Max. However,
we could confirm this result in independent ChIP experiments using selected amplicons of about
20 promoters under study. Because of the relevance of the pathways where the genes
participate, we chose three genes for a more detailed analysis. These were ERBB4, which
codes for Erbb4 (v-erb-b2 avian erythroblastic leukemia viral oncogene homolog 4), SOX13,
which codes for Sox13 (SRY-box 13), and FANCC, which codes for Fancc (Fanconi anemia
group C) (Figure 4.13). Thus, we suggest that these three genes can be novel MYC target

genes involved in key functions of cellular physiology.
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5.2. DISCUSSION-PART II: ERK binds MYC promoter increasing their transcription

It has been described that activated ERK translocates to the nucleus, where it phosphorylates
its interaction partners and induces changes in gene expression (Khokhlatchev, 1998; Bonni,
1999) through a mechanism that involves protein phosphorylation and stabilization. We have
also found this increase in Myc levels after ERK activation in several cell lines. Interestingly, in
Dr. Crespo’s laboratory it has been shown that ERK-NLS increases protein levels of Myc in 3T3
cells and that this effect is independent of ERK kinase activity as transfection with the kinase-
dead mutant ERK2-DK, also increased the levels of Myc protein (Javier Rodriguez, unpublished

results).

We next asked whether ERK binds DNA on the recently described ERK-Boxes (C/G-AAA-C/G)
(Hu, 2009). Therefore, we looked for ERK-Boxes on the human MYC gene and we found that
most of these boxes are located on their promoter and moreover they are highly conserved in
mouse and rat (Figure 4.14). Moreover, ChIP analysis at selected loci along MYC gene

revealed that activated ERK binds to DNA in rat, human and mouse cells.

To study the transcriptional activity of ERK, we used several luciferase reporters of fragments of
MYC promoter (He, 1998). Luciferase assays showed that activated ERK increases the activity
of two luciferase reporters called FragB and FragDell, both containing a region of ~500 bp
located surrounding 1 Kb upstream from TSS containing four ERK-Boxes. Then, we generated
mutants of FragB reporter to define more accurately ERK-binding sites. The results suggested
that ERK binds two ERK-Boxes situated around 1 Kb upstream from MYC TSS, a highly
conserved region in rodents and human genomes. Consistently, MEK1/2 inhibitors, as UO0126,

repress MYC transcription.

ERK lacks DNA interaction motif, and thus we assumed that ERK needs other partners for the
transcriptional regulation of MYC described above. Thereby, we investigate the role of EIk1 as
ERK cooperator because it has been reported differences between ERK2 and Elkl DNA-
binding and their genome-wide localization showing ERK2 colocalization with EIk1 at promoters
(Goke, 2013).

For this purpose, firstly we analyzed the ChIP-seq data for EIk1 project in several cell lines
(GM12878, K562 and HelLa) generated by the ENCODE project. These data showed
enrichment of Elk1-binding in three regions of human MYC promoter (Figure 4.23) and one of

them coincide with the previously identified ERK-binding site by luciferase assays.

Another protein related with the increasing of transcription is CDK9, which is associated with
active RNA polymerase Il. CDK9 phosphorylates RNA Pol II-Ser5 to allow transcriptional
elongation (Marshall, 1996; Yamada, 2006). The genome-wide binding of CDK9 coincides with
initiating RNA Pol 1I-Ser5P in the promoter region, close to TSS (Larochelle, 2012; Ghamari,
2013), which is according to our ChIP results on MYC gene (Figure 4.24). The results
suggested that ERK and CDK9 might be interacting bound to specific chromatin regions.
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To explore this hypothesis we performed isPLA, whose results showed positive interaction
between ERK2 and CDK?9 (Figure 4.25) (results obtained in collaboration with Lorena Agudo in
Dr. Crespo’s laboratory). Moreover, in the Dr. Crespo’s laboratory they have been confirmed
this interaction by ColP experiments and the interaction region of CDK9 responsible of
interacting with ERK2 has been identified. Altogether the results argue for an interaction

between ERK2 and CDK9 on specific chromatin regions.
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5.3. DISCUSSION-PART IlIl: Myc inhibits Ras-mediated senescence

Using this model, we have confirmed that UR61 undergo senescence after differentiation in
response to N-Ras activation, whereas this senescence is blocked in Myc expressing cells, as

showed by SA-B-gal activity and by time-lapse video microscopy.

URMYC is a derived UR61 stable cell line generated by selection of positive clones with
constitutive expression of Myc, and, it has been described that Myc inhibits Ras-mediated
differentiation (Vaqué, 2008). However the rate of differentiation is higher when the cells are
grown on artificial matrix (i.e., matrigel). Thus there is a fraction of URMYC cells not undergoing

differentiation in response to Ras.

It has been described that cellular senescence is a state of irreversible growth arrest. Thus we
seeded UR61 and URMYC, and after four days under Ras induction conditions, we seeded
these cells on new culture plates to normal growth, in which senescent UR61 were completely
arrested, whereas that a significant percentage of URMYC followed growing, suggesting that
Myc partially impairs senescence and allows that this cells continues growing. Also, crystal

violet staining has shown that Myc can prevent cell cycle arrest mediated by Ras (Figure 4.28).

This Ras-induced senescence occurs accompanied of overexpression of p16 and p21, which
have been described as markers senescence. Furthermore, senescent cells develop a complex
senescence-associated secretory phenotype (SASP), which includes high level secretion of
inflammatory cytokines as IL-6. IL-1a and IL-18 are a multifunctional cytokines that regulate
inflammatory and immune responses primarily by initiating a signal transduction cascade that
ultimately induces cytokine secretion. IL-1B is active solely as a mature secrete form, whereas
IL-1a is rarely secreted at high levels (Apte, 2006). We verified the senescence-associated rise
in expression by quantifying mRNA levels. The RT-qPCR results showed that, relative to
untreated controls, transcripts encoding these proteins increased steadily along five days in
UR61 cells in contrast to Myc-expressing cells, both treated with Dex to Ras-induction.
However, the mechanisms by which Myc blocks the inflammatory response and secretion of
cytokines in remain unknown. IL-1a and IL-1p are synthesized as precursors. In particular, pro-
IL-1B is inactive until processed by the inflammasome, a multiprotein complex comprising of
caspase-1 and several adapter molecules (Schroder and Tschopp, 2010). UR61 undergoing
Ras-induced senescence displayed caspase-1 activity, relative to growing untreated cells. In
this case, it could be expected that caspase-1 activity was blocked by Myc, but there were not
significant differences in caspase-1 activity in the presence of Myc (Figure 4.31). Also the
caspase-1 inhibitor treatment showed a reduced growth arrest, independently of Myc (Figure
4.32). It is known that the cells show peaks of caspase-1 activity, thus a possible explanation
could be that our experiment was performed in cells treated for eight days with Dex to induce
Ras and then the activity peak in this cellular model under senescence conditions could occur

probably earlier.
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To better understand the Myc-Ras relationship in senescence we used IMR90 primary human
fibroblasts, an established senescence cellular model (Acosta, 2013). Ras expression in IMR90
cells caused senescence phenotype accompanied by upregulation of senescence markers and
components of inflammasome (Figure 4.33). However, the role of Myc in senescence remains
unclear, because our Myc-inducible system by 40HT (IMR90-MycER) does not work properly
because there was a basal level of Myc-dependent transformation due to the leakiness of the
MycER system. Surprisingly, after induction with 40HT, there was an extensive cell death due
to high Myc levels. After these results, it would be useful to generate an IMR90 derived cell line
with constitutive expression of Myc and inducible expression of Ras (IMR90-Myc-RasER) to

study Myc-Ras relationship in senescence and proliferation.

In conclusion, Ras induces senescence in both UR61 and IMR90 models, whereas Myc,
impairs this Ras-mediated senescence and also inhibits secretion of several components of
inflammasome. In conclusion, we show for the first time that this activity of Myc is independent

from Max, although further work is required to dissect out the underlying mechanisms.
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5.4. DISCUSSION-PART IV: Endogenous Myc interacts with Sin3

The interaction between Myc and Sin3b was initially discovered by yeast two-hybrid screening
in our lab, which was confirmed by ColP experiments in transfected 293T and URG61 cells.
However, it was unknown whether this interaction took place between endogenous proteins. We
showed that endogenous Myc and Sin3b also interact in K562/S cells, as shown by ColP
(Figure 4.36) and by isPLA (Figure 4.39). The isPLA has been recently introduced as a
technique that allows the detection of protein interactions inside the cells. Conversely to FRET,
which requires the transfection of labeled proteins, this technique detects interactions between
endogenous proteins. Our data does not allow to discriminate between direct or indirect binding
as two target proteins can be separated a theoretical maximum distance of 30-40 nm to give a
positive PLA signal. However, taken together the PLA, ColP and two hybrid screening, the
results strongly argues in favor of a direct interaction between Myc and Sin3b. In fact, the
signal intensity of iSPLA positive controls (Myc+Max and Sin3b+Mxdl described direct
interactions) is similar to that detected in Myc+Sin3b. As a control of ColP, we have also
detected endogenous HDACL1 in both immunoprecipitates Myc and Sin3b, which is consistent
with the described interaction between Sin3b and HDACL1.

Although Sin3a did not appear in our initial two-hybrid screening, it was later shown that Sin3a
also coimmunoprecipitated with Myc. In addition, the genome-wide ChlP-seq data available in
the UCSC database from ENCODE project reveals that Sin3a and Myc colocalize in a relevant
fraction of chromatin sites on human and mouse genome, often in the chromatin region
surrounding the TSS of the genes. The analysis showed that most of these sites also can be
occupied by Max. Though the ChIP data per se do not demonstrate the interaction, it is in
agreement with the hypothesis that Myc and Sin3a/b are in the same complex in the cells, and a

significant part of these complexes are also bound to chromatin.

Even though Sin3 proteins have been described as transcriptional co-repressors, the combined
analysis of ChiP-seq and RNA-seq data generated by the ENCODE consortium revealed that,
at least in K562 cells, the coincidence of Myc and Sin3a in the proximal promoters does not

correlate with a lower expression with respect to genes with Myc alone (Figure 4.41).

In general, a chromatin remodelling complex binds to a coactivator or corepressor to bridge
between sequence-specific transcription factors and basal transcription factors. It has been
described that Mxdl antagonizes the transactivation function of Myc-Max into Myc-Max-Mxd1
network, and further Mxd1 binds to Sin3b to be recruited to the basal corepressor complex
possessing histone deacetylase activity (HDAC1). Although the mechanisms of regulation are
still unclear, there are several hypotheses that could explain the Myc repressive action through
its direct interaction with Sin3 proteins. It has been suggested that Sin3a stabilizes Myc by
promoting its deacetylation (Nascimento, 2011) and a similar mechanism can be operative for
Sin3b. Thus, if a direct repressive effect of Sin3-Myc on chromatin is ruled out, Sin3b could limit
the Myc activity through two complementary activities: Mxd-dependent gene repression and

reduction of Myc levels. Therefore, Sin3 could shift between Mxd- or Myc-complexes to achieve
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a similar biological readout, i.e., a decrease in Myc activity. However we do not know whether
the affinity of Sin3 for Myc is higher or lower than that for Mxd to support this model of transit
between Myc or Mxd complexes. In conclusion, we have discovered a new interaction between

Myc and Sin3, which could be relevant for Myc activity.
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Conclusions

10.

11.

There are not extensive differences between the transcriptomes of URG61 cells
expressing Myc but not Max and UR61 cells expressing both Myc and Max, suggesting
that many genes are regulated by Myc without the concourse of Max.

Bioinformatic analysis of the protein interaction networks of the regulated genes showed
that c-Jun transcription factor has an important role into neuronal-like differentiation
process, whereas that Myc was found as central node of blocked differentiation network
in Myc- and in Myc-Max-expressing cells.

UR61-MT-Max2324, a UR61 subline with Max inducible expression by ZnSO,, was
generated and used for RNA-seq analysis to show that Max regulates genes related
with cellular adhesion, axon guidance, mobility and cytoskeleton.

ChiIP-seq analysis showed that Myc binding profile is different in Max-lacking cells with
respect to cells expressing Myc and Max.

ERBB4, SOX13 and FANCC genes were identified as putative novel Myc target genes,
being regulated by Myc+Max, but not by Myc in Max-deficient cells.

ERK binds to MYC promoter in a region mapping around 1 Kb upstream from TSS,
increasing MYC transcription.

Genome-wide ENCODE data analysis showed ERK2 colocalization with Elk1 and
CDK9 in human cells suggesting that these proteins might be interacting bound to
specific chromatin regions.

Interaction between endogenous ERK2 and CDK9 was confirmed using isPLA in HeLa
and MEF cells.

Oncogenic N-Ras induces senescence in Max-deficient UR61 cells, whereas this
senescence is blocked in Myc expressing cells.

Ras-mediated senescence is accompanied by upregulation of several components of
associated secretome (IL-1a, IL1-f and IL-6), all of them are repressed in Myc
overexpressing cells.

Endogenous Myc and Sin3b interacts in situ in K562/S cell and genome-wide ENCODE
data analysis revealed that Sin3a and Myc colocalize in a relevant fraction of chromatin
sites on human and mouse genome, often in the chromatin region surrounding the TSS

of the genes.
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