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ABSTRACT

Both paxillin and PIP2 are well known components of the cell, although of a distinct origin.
Focal adhesion protein paxillin spreads the signals from extracellular matrix via integrins and
growth factor receptors to affect cellular motility and migration (Schaller, 2001). PIP2, a
major structural component of cytoplasmic membrane, is utilized by phospholipase C to
generate second messenger molecules (Hokin and Hokin 1953; Streb a kol. 1983). Both
molecules were recently shown to be localized in the nucleus. Their original functions have
been well established, but together with other research colleagues we are now shedding more
light on completely different functions of these biological molecules and moreover, in the
different compartments than they were primarily believed to function in.

Here, we introduce paxillin as an important factor of the cell nucleus, where it regulates
transcription of two important growth-related genes, IGF2 and H19. It does not affect the
allelic expression of these imprinted genes, it rather regulates long-range chromosomal
interactions between H19 or IGF2 promoter, and the shared distal enhacer on an active allele.
In detail, paxillin stimulates the interaction between the enhancer and the IGF2 promoter,
activating IGF2 gene transcription, while it restrains the interaction between the enhancer and
the H19 promoter, downregulating the H19 gene. We identified paxillin in complex with
cohesin and Mediator of RNA polymerase II, and we propose that this complex mediates the
activity of the IGF2/H19 gene cluster. We present a novel mechanism for gene regulation by
a focal adhesion protein paxillin. Our observations contribute to a mechanistic explanation of
paxillin role in proliferation and fetal development.

We further present here two aspects of nuclear-localized PIP2. First, we show that PIP2 isa
stable component of RNA Pol I transcription complex throughout the whole cell cycle
indicating its wider role in nucleolar organization. Second, we state here for the first time that
a significant portion of nuclear PIP2 is located in previously uncharacterized spherical
structures, which are distinct from nuclear speckles and we refer to them as PIP2 islets. They
are surrounded by nucleic acids and proteins, while the inner space seems to be mainly
composed of carbon-rich compounds. We show that PIP2 islets are evolutionary conserved
from protozoa to human and we link them to RNA Pol II transcription, since they co-localize
with nascent RNA transcripts and their depletion by PLC enzyme reduces the level of

transcription.



INTRODUCTION

1. Paxillin and its nuclear activity

Paxillin was first identified as a 68 kDa protein exhibiting a significant phophorylation
increase on tyrosine in the cells transformed by the src oncogene (Glenney Jr and Zokas,
1989). Paxillin preferentially localizes to sites of cell adhesion to the extracellular matrix
(ECM), which are called focal complexes or focal adhesions. They form a structural link
between the ECM and the actin cytoskeleton and are important sites of signal transduction,
especially arising from activation of integrins or resulting from stimulation of grow factor
receptors (Hynes, 1992). Paxillin does not exhibit enzymatic activity, but it serves as an
adaptor that provides platform with multiple docking sites for signalling and structural
proteins, and thus facilitates the assembly of multi-protein complexes to coordinate signaling
(Schaller, 2001).

Although paxillin primarily localizes to focal adhesions, recently several evidence appeared
detecting translocation of paxillin into the nucleus and proposing its nuclear functions. The
treatment of fibroblasts with leptomycin B caused retention of paxillin in the nucleus,
providing evidence for shuttling between cytoplasm and the nucleus (Woods et al., 2002).
This observation evoked discovering paxillin NES and NLS. Paxillin does not contain a
traditional NLS. Paxillin promotes unconventional translocation sequence, which is not
determined yet, or it enters nucleus in association with other proteins containing regular NLS
(Thomas et al., 1999; Wang and Gilmore, 2003). Recently the paxillin NES was uncovered
within the LD4 motif. Its deletion leads to retention of paxillin inside the nucleus. In addition,
phosphorylation of Ser272 within LD4 blocks nuclear export and also reduces GIT1, but not
FAKI binding (Fig. 1). Curiously, LD4 requires LD3 to behave as a functional NES. There is
a hypothesis that LD3 might provide a platform to promote Ser272 dephosphorylation (Dong
et al., 2009).

Less is known about regulative activity of paxillin in the nucleus. The translocation of paxillin
into the nucleus promotes DNA synthesis and cell proliferation. Whereas increased levels of
paxillin (predominantly cytoplasmic) are not able to regulate these processes, the N-terminal-
truncated form, which is nuclear-enriched, is sufficient to enhance the number of cells
entering the cell cycle and thus cell proliferation (Dong et al., 2009). In the regulation of
transcription, paxillin is involved in regulation of the H19 gene expression. This finding was
discovered after paxillin overexpression (Dong et al., 2009). The H19 was the first identified
imprinted gene located within the IGF2/H19 (insulin-like growth factor 2) locus. The H19



gene encodes a 2.5 kb fully capped, spliced and polyadenylated, but untranslated RNA.
(Arney, 2003). In spite of significant interest, the H19 gene function is not understood. It has
been suggested to function as a tumor suppressor as well as promoter of tumorigenesis

(Steenman et al, 1994; Okamoto et al., 1997; Berteaux et al., 2005).
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Fig. 1 Proposed model for regulation of paxillin nucleocytoplasmic shuttling
Phosphorylation of paxillin at Ser272 favours association with focal adhesion kinase (FAK)
and can contribute to nuclear retention of paxillin, where it might also be associated with
nuclear FAK. In the nucleus paxillin can suppresses expression of H19 gene, thus promoting
proliferation (Dong et al., 2009).

2. Mammalian Igf2/H19 imprinted cluster

The reciprocal imprinting of the Igf2 and H19 genes is mechanistically coupled. H19 is
maternally expressed and 1gf2 paternally expressed. The regulation of imprinting is dependent
on paternal-specific DNA methylation within the differentialy methylated regions (DMRs) to
maintain monoallelic expression. Two DMRs exist for 1gf2 and both are paternally
methylated. The DMR2 is located in exon 6 of 1gf2 and serves as an enhancer activated by
methylation (Constancia et al., 2000; Murrell a kol., 2001). H19 has one ICR which is located
2-4 kb upstream from the transcriptional start site of H19 gene and is also paternally
methylated (Bartolomei et al., 1993; Tremblay et al., 1997). The deletions of the H19 ICR and
Igf2 DMRI1 result in biallelic expression of both the H19 and Igf2 (Arney, 2003).

During the development, both genes share regulatory elements that are located downstream of
H19. Two sets of endoderm-specific enhancers are located ~10 kb downstream of H19 and
these have been shown to regulate the expression of H19 as well as Igf2 (Fig. 2; Leighton et
al. 1995b; Kaffer et al. 2000). Recently, these enhancers were shown to be bound by



transcription factor ZACI1, which effects RNA level of these two genes, as well as other
imprinted genes (Dlkl1 and Cdknlc; Varrault et al., 2006). It was shown that imprinting
mechanism of the 1gf2/H19 locus also involves cohesin-directed intrachromosomal looping.
This has produced several models showing each (maternal and paternal) allele to have a
particular structure and position in the nucleus due to interactions between different control
regions (Weber et al. 2003; Kurukuti et al., 2006, Murrell et al., 2004, Yoon et al., 2007, Kato
and Sasaki, 2005, Han et al., 2008).
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Fig. 2 Simplified model of 1gf2/H19 imprinted cluster regulation

Imprinting of this cluster involves the evolutionarily conserved CCCTC-binding factor
(CTCF). This zinc-finger insulator protein binds exclusively to the unmethylated maternal
ICR (Bell and Felsenfeld, 2000; Hark et al., 2000) and acts as an insulator, blocking access of
the shared enhancer to Igf2 promoter (Szabo et al., 2004). Paternal methylation of the H19
ICR inhibits CTCF binding, allowing enhancer to access the 1gf2 promoter on the paternal
chromosome (Murrell et al. 2004; Kurukuti et al. 2006); red box — inactive gene, green box —
active gene, black lollipops — methylation, dark red arrows — antagonizing barrier.

While the 1gf2 locus encodes insulin-like growth factor-2 (Igf2), which is a growth-promoting
peptide hormone, the H19 locus encodes a non-coding RNA (ncRNA) that gives rise to
microRNAs (miRNAs) that have opposite effect on cell proliferation (Gabory et al., 2010).
The dual ,,yin-yang* function of this locus requires properly balanced expression of 1gf2 and
H19 which is critical primarily for normal fetal development (Reik and Walter, 2001,
Pannetier and Feil, 2007, Bartolomei and Ferguson-Smith, 2011).



3. Phosphoinositides and their structure

Phosphoinositides contain two long hydrophobic fatty acyl tails linked to a glycerol group,
which is bound via a phosphodiester bond to the hydrophilic inositol head group. Reversible
phosphorylation at the 3, 4 or 5 position of the myo-inositol ring generates seven different
phosphoinositides (Fig. 3): PI3P, PI4P, PISP, PI(3,4)P,, P1(3,5)P,, PI(4,5)P, and PI(3,4,5)P;
(Irvine, 2003). Number of kinases, phosphatases and phospholipases maintain the level of
PIPs and the activities of these enzymes may be altered in response to various stimuli, which

in turn leads to a change in the profile of PIPs (van den Bout and Divecha, 2009).
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Fig. 3 Structure and complex map of nuclear phosphoinositides (PIPs)
PIPs comprise of two hydrophobic fatty acyl chains and the hydrophilic inositol head group
linked to a glycerol group. Number of kinases and phosphatases generate seven different
phosphoinositides : PI3P, PI4P, PISP, PI(3,4)P2, PI(3,5)P2, PI(4,5)P2 and PI(3,4,5)P3 . The
kinase reactions are indicated by black arrows and the phosphatase reactions are indicated by
red arrows, for simplicity enzymes are not shown; adopted from Shah et al., 2013.

3.1. Nuclear phosphoinositides and their functions
In the cytosol, phosphoinositides (PIPs) are tightly anchored in the membrane, where they act
to concentrate upstream regulators and downstream targets together leading to faster
signalling and specificity (Cocco et al., 1988; McCrea and De Camilli, 2009).
Phosphoinositide metabolism also occurs within the nucleus. When isolated nuclei were
incubated with radiolabeled **P-ATP, radioactivity is incorporated into phosphatidylinositol
phosphates (PIPs; Smith and Wells, 1983a, b, 1984a, b). Both nuclear and cytoplasmic PIPs



share regulatory enzymes, most of them are not exclusively localized to cytoplasm or the

nucleus (Boronenkov et al., 1998; Doughman et al., 2003; Schill and Anderson, 2009). Thus

PIPs may be synthesized in the nucleus. Nuclear functions of various PIPs are summarized in

Table 1.

Table I Functions of various nuclear phospholipids

Inositol

Enzyme Localization  Effectors Function Reference
molecule
. Nucleolus . Gillooly et al., 2000;
- 4 ? ’ ’
PI3P PI3-kinase NM ? Cell cycle regulation Visnjic and Banfic, 2007
PI14P Pl4-kinase NM ? Cell cycle, P14,5P2 Payrastre et al. 1992
precursor
Chromatin
. NM ING organization .
PI5P PI5-k ! ! ! l., 2
> >-kinase chromatin others?  apoptosis, DNA Gozani et al., 2003
damage
Membrane
SHIP-2 ! - Yokogawa et al., 2000;
7 ? _ 7 ’
P13,4P2 PIPK 11 Nuclear ? Pre-mRNA splicing Déléris et al., 2003
speckles
Membrane, Star-PAP, 3 -fer.\d processmg,
PI4.5p2 PIPK la, Nuclear ING2. ALY splicing, chromatin Osborne et al., 2001;
’ PIPK i speckles, NM, ’ " organization, Mellman et al., 2008
. BRG1
Chromatin precursor IP3
Cell cycle .
PIPK I, PIP3BP, . - Tanaka et al., 1999; Neri
PI3,4,5P3 b pa M othersy  differentiation, etal., 2002
proliferation
Cell cycle,
DAG PI-PLC NM ? differentiation, Goto et al., 2006
proliferation
Ins4,5,P3  PI-PLC NM ? Calcium signaling Echevarria et al., 2003
. NM, mRNA export, York and Majerus, 1994;
IPn IPn kinases . ? .
chromatin chromatin structure  Steger et al., 2003

Phosphatidylinositol 4,5-bisphosphate (PIP2) is the predominant regulatory molecule not only

in cytoplasm, but also in the nuclear compartment.

There are three classes of

phosphatidylinositol phosphate kinases (I, I and III). Type I and II kinases both generate

PIP2, although by utilizing different substrates, PI4P and PISP, respectively (Rameh et al.,
1997; Anderson et al., 1999; Halstead et al., 2005; Fiume et al., 2012). Metabolic radioisotope

labeling in rat liver nuclei revealed that the predominant way of PIP2 production in the

nucleus is phosphorylating PI4P by the type I PIPK as it is also in whole cell (Vann et al.,

1997).



AIMS
PART I - NUCLEAR FUNCTION OF PAXILLIN

1) What is the mechanism underlying paxillin role in gene expression?
2) What is the paxillin role in respect to the IGF2/H19 imprinted cluster?

3) Which proteins/protein complexes interact with paxillin in the nucleus?

PART II - NUCLEAR PIP2

1) Does the interaction between PIP2 and RNA Pol I trancription complex depend on the
active transcription or it is preserved throughout the cell cycle?

2) What is the detailed localization of nuclear PIP2?

3) What are the possible functions of PIP2 islets? Do they affect the RNA polymerase 11
transcription machinery?

RESULTS
I. NUCLEAR FUNCTION OF PAXILLIN

Paxillin knockdown promotes gene H19 expression and slows down proliferation in
human HepG2 cells
Importantly, in accordance with published data, the depletion of paxillin resulted in

upregulation of H19 transcription by about 2-fold compared to control cells. We observed a
slight decrease in IGF2 expression, however, the difference was not statistically significant (p
> 0,05). BrdU assay showed that knockdown of paxillin and subsequent H19 upregulation

results in decreased number of cells incorporating BrdU within DNA.

Paxillin regulates IGF2 and H19 promoter activity via their shared distant enhancer

The lack of paxillin increases the activity of H19 promoter via its enhancer and decreases
activity of the IGF2 promoter. In other words, normal paxillin levels are likely to have a
repressive effect on the H19 promoter and a positive effect on the IGF2 promoter.
Importantly, paxillin does not regulate these promoters directly, but via the distant shared

enhancer.



Paxillin interacts with IGF2P3/H19 promoters and their enhancer

ChIP analysis revealed that paxillin interacts predominantly with the H19 promoter. The
interaction of paxillin with IGF2 P3 promoter and their shared enhancer was weaker while no
binding to the ICR region was detected. These results indicate that paxillin binds both key
transcription elements — promoter and enhancer — and might therefore regulate their mutual

interaction.

Paxillin regulates the IGF2P3/H19 promoter-enhancer interaction

Paxillin regulates the activation of the IGF2 P3 and H19 promoters via the same shared
enhancer, and that it does so in an opposite manner. In other words, paxillin promotes the
contact of the IGF2 P3 promoter and the enhancer, while simultaneously blocking the

activation of the H19 promoter.

Paxillin binds SMC1, SMC3 and MED in the nucleus

Two proteins of cohesin family were repeatedly identified in paxillin pull-down experiments,
namely structural maintenance of chromosomes 1A (SMC1A) and Structural maintenance of
chromosomes 3 (SMC3). Further, we also identified 3 subunits of MED complex, specifically
MED15, MED24 and MED23. The specificity of the identified interactions was confirmed by
Western blotting. Both SMC1 and SMC3 proteins, as well as MED23 were found in paxillin

pull-down fraction, but not in the control, which corresponds with our MS data.

II. PIP2 IN RNA POLYMERASE I TRANSCRIPTION

PIP2 associates with RNA Polymerase I pre-initiation complex in mitotic cells
We specifically detected UBF and two subunits of Pol I, PAF53 and RPAI116, co-
immunoprecipitating with PIP2. This clearly shows that PIP2 interacts with Pol I transcription

complex also during mitosis.

PIP2 is a stable component of the Pol I pre-inititation complex throughout all mitotic
phases

We observed co-localization of PIP2 and UBF during all mitotic phases. SIM showed
colocalization between PIP2 and UBF in NORs throughout prophase and metaphase,

continuing in ‘“daughter” NORs in the anaphase and telophase. Electron microscopy



confirmed colocalization of PIP2 with UBF in clearly distinguishable NORs from prophase to
telophase.

Inhibition of transcription abolishes association of PIP2 with fibrillarin but not UBF and
Pol 1
The association of PIP2 with the Pol I and UBF is not dependent on active Pol I transcription,

while fibrillarin associates with PIP2 only when transctiption of Pol I is active.

II1. PIP2 ISLETS

The distribution of PIP2 in the nucleus
We revealed that nuclear PIP2 occupies three different regions: speckles, nucleoli and

significant portion of nuclear PIP2 is concentrated in previously uncharacterized structures.
These structures are clearly distinguished from the nuclear speckles by the size and roundish

shape. Here we refer to them as PIP2 islets.

PIP2 islets are enriched in carbon-rich compounds and surrounded by nucleic acids and
proteins
We showed that PIP2 islets are enclosed by nucleic acids and proteins, while the inner space

of PIP2 islets seems to lack them both. We revealed that the interior of PIP2 islets is mainly

composed of carbon-rich compounds.

PIP2 islets are evolutionary conserved nuclear structures
We demonstrated that 40-100 nm large PIP2 islets are present in nuclei of yeast

(Saccharomyces cerevisiae), protozoa (Giardia lamblia, Tetrahymena thermophila), beans
(Vicia; germinated bean meristem cells), mice (Mus musculus; primary skin fibroblasts), and
humans (Homo sapiens: mesenchymal stem cells, stimulated lymphocytes, cervical carcinoma

cells).

PIP2 islets are involved in RNA polymerase II transcription
We showed that PIP2 islets co-localize with C-terminal domain of Pol II, TATA-box binding

protein (TBP) as well as nascent RNA transcripts. We hydrolyzed PIP2 by incubating the
cells with phospholipase C enzyme. This resulted in reduction of the transcription level by
36.5%. Remarkably, the same effect was observed in PIP2 islets only, here the reduction of

the PIP2 level by 18.1% resulted in decrease of the transcription level by 36.1%



DISCUSSION

Nuclear functions of paxillin

We showed that paxillin regulates the formation of long-range interactions between promoters
of H19 and IGF2 genes and their shared enhancer. Finally, we identified the interaction of
paxillin with cohesin complex (subunit SMC1, SMC3). Interestingly, cohesion complex has
been established as the main regulator of long-range chromatin interactions at IGF2/H19
cluster (Wendt et al. 2008; Nativio et al., 2009). Moreover, cohesin has been found to
colocalize with Mediator (Kagey et al., 2010). These proteins have been shown to mediate
long-range interactions between distal enhancers and promoters of key pluripotency

transcription factors in mouse embryonic stem cells (Conaway and Conaway, 2011).

Fig. 4 Model of IGF2/H19 regulation by paxillin

The model of the IGF2/H19 locus regulation. Paxillin assembles with cohesin and Mediator
and mediates long-range chromosomal interactions between IGF2 or H19 promoter and the
shared distal enhacer, and thus regulates their transcription. Specifically, paxillin enhances the
interaction between the enhancer and the IGF2 promoter, but blocks the H19 promoter—
enhancer interaction, resulting in stimulation of IGF2 and repression of H19 expression. The
model shows paternal and maternal allele of the genes; red box — inactive gene, green box —
active gene, black lollipops — methylation, blue circle — cohesin complex, dark red arrows —
ICR barrier.

We indeed found subunits of Mediator, specifically its tail module (Malik and Roeder, 2010),
among paxillin associated proteins in pull-down experiments. Therefore, we propose a model
(Fig. 4) where paxillin assembles with cohesin and Mediator and mediates long-range

chromosomal interactions between IGF2 or H19 promoter and the shared distal enhacer, and
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thus regulates their transcription. Specifically, paxillin enhances the interaction between the
enhancer and the IGF2 promoter, but blocks the H19 promoter—enhancer interaction, resulting
in stimulation of IGF2 and repression of H19 expression. Our model also explains significant
decrease in cell proliferation after paxillin depletion, since it causes upregulation of H19 non-
coding RNA giving rise to proliferation-repressing microRNAs (miRNAs; Gabory et al.,
2010). Both IGF2 and H19 genes are widely expressed during embryonic development, after
which they are downregulated (except in skeletal muscle; Brunkow and Tilgham, 1991;
Delaval and Feil, 2004). Their proper expression is therefore crucial especially during fetal
development (Delaval and Feil, 2004; Pannetier and Feil, 2007; Gabory et al., 2010) and even
though their regulatory mechanisms are preserved in cultured somatic cells, we presume that
the real significance of paxillin regulatory model lies in the developmental stages.

Based on our findings, we propose a novel regulatory mechanism for IGF2/H19 locus
employing paxilllin in a complex with cohesin and Mediator, which mediate promoter-
enhacer interactions. Taking into consideration that paxillin is a focal adhesion protein, this
shows that cells regulate gene expression by taking advantage of the physical barrier formed

by the nuclear envelope and thus controlling the access of regulators to their target genes.

Localization and function of nuclear phopholipids

We found that upon either physiological (mitosis) or chemically induced (AMD) inhibition of
Pol I transcription, PIP2 maintains its association with UBF and Pol I subunits, the
components of Pol I pre-initiation complex, but not with fibrillarin. It has been shown that Pol
I subunit PAF53 contacts UBF directly, and both PAF53 and RPA116 subunits remain
associated with Pol I transcription machinery independent of the rRNA synthesis (Hanada et
al., 1996; Seither et al., 1997). These data reinforce the view that PIP2 interacts with
fibrillarin only upon active pre-rRNA transcription while its binding to UBF in Pol I complex
is not dependent on the synthesis of rRNA. UBF associates with the extended fibers of rDNA
during the entire cell cycle (Gebrane-Younes et al., 1997) and has been reported to have a role
in the formation of nucleoli (Fomproix et al., 1998; Mais et al., 2005). We showed that
association of PIP2 and UBF is preserved throughout the whole cell cycle, indicating a
structural role of PIP2 in the formation and maintenance of nucleolar architecture. We suggest
that PIP2 in complex with UBF is engaged in the formation of the core part of rDNA helix
structure thus maintaining the open chromatin state of NORs independent of the Pol I

transcription.
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We used electron microscopy and 3D electron tomography to examine detailed PIP2
localization in the nucleus and revealed for the first time that PIP2 forms structures, different
from nuclear speckles. These spherical structures, which form about one third of total nuclear
pool, are 40-100 nm in diameter and we called them “PIP2 islets”. The elemental mapping
showed that PIP2 islets are characterized by carbon-rich interior, which is surrounded by
nucleic acids and proteins. Thus, we suggest that organization of PIP2 islets reflects vesicle
arrangement: hydrophobic interior surrounded by a hydrophilic outward part. Remarkably, we
showed that PIP2 islets are chomatin-independent which is consistent with earlier
observations that sphingomyelin is localized in the perichromatin region, where DNA
replication and transcription occur, and is excluded from the condensed chromatin region

(Jaunin and Fakan, 2002; Fakan, 2004; Scassellati et al., 2010).

A B C

Fig. 5 The proposed model of PIP2 islet associated with RNA polymerase II
transcription complex

The size of PIP2 molecule. B) PIP2 islet (blue dashed circle) is schematically drawn in
proportion to the size of PIP2 molecule. C) Magnified view of the surface of PIP2 islet,
corresponding to the area outlined in black. We propose that the PIP2 islet serves as a docking
station for the Pol II transcription complex.

Osborne et al (2001) showed the association of PIP2 with hyperphosphorylated Pol II and
snRNAs, providing an evidence of the involvement of PIP2 in mRNA splicing. We showed
that PIP2 islets co-localize with nascent RNA transcripts and both Pol II CTD and TFIID
TBP, which form the core of transcription complex and initiate transcription. Moreover, PIP2
hydrolysis upon PLC treatment resulted in the significant reduction of the transcription level
in the whole nucleus as well as in PIP2 islets. We propose a model (Fig. 5) of the mutual

arrangement of PIP2 molecules and PIP2 islet-associated proteins in the nuclear space. We

12



suggest that PIP2 islets provide surface for the Pol II transcription, serving as the docking

stations for the formation of the Pol II transcription complexes.

CONCLUSIONS

PART I - NUCLEAR FUNCTION OF PAXILLIN

Paxillin regulates expression of growth-related genes IGF2 and H19 in human cells

We present a novel proliferation-regulatory pathway where paxillin enhances the transcription
of IGF2 growth-promoting peptide, while it suppresses the expression of growth-repressing
gene H19.

Paxillin controls expression of H19 and IGF2 by regulating promoter-enhancer
interactions

We show that paxillin regulates long-range chromosomal interactions formed between
promoters of the IGF2/H19 genes and the enhancer. In detail, paxillin stimulates the
interaction between the enhnacer and the IGF2 promoter and thus enhances the transcription
of IGF2. Concurrently, it restrains the interaction between enhancer and the H19 promoter,
suppressing the expression of H19.

Paxillin mediates nuclear functions via binding to cohesin and Mediator complex

We show that paxillin interacts with cohesin and Mediator which have been shown to mediate
long-range chromosomal looping. We propose that these interactions occur at the IGF2/H19
gene cluster, regulating the formation of loops between the IGF2/H19 promoters and the
enhacer and thus their expression.

PART II - NUCLEAR PIP2

PIP2 is a stable component of RNA pol I transcription complex throughout the whole
cell cycle

PIP2 is associated with Pol I subunits and UBF in a transcription-independent manner
throughouth the whole cell cycle indicating that PIP2 plays wider role in nucleolar
organization.

PIP2 forms spherical structures in nucleoplasm — ,,PIP2 islets*

We show that substantial part of nuclear PIP2 is located in previously uncharacterized
structures, which are distinct from nuclear speckles and we refer to them as PIP2 islets. They
are surrounded by nucleic acids and proteins, while the inner space seems to be mainly
composed of carbon-rich compounds. We showed that PIP2 islets are evolutionary conserved
from protozoa to human.

PIP2 islets are involved in RNA Pol II transcription

We show that PIP2 islets colocalize with C-terminal domain of Pol II, TATA-box binding
protein (TBP) as well as nascent RNA transcripts. Moreover, PIP2 hydrolysis with PLC
enzyme reduces the level of RNA pol II transcription. We propose that PIP2 islets are
involved in RNA pol II transcription.
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ABSTRAKT

Paxillin i PIP2 jsou dobfe zndmé soucasti kazdé bunky, i kdyz odlisné povahy. Paxillin,
protein fokalnich adhezi, §ifi signal z extracelularni matrix prostfednictvim integrinii a
receptory rustovych faktorti, a tak reguluje bunécnou motilitu a migraci bunék (Schaller,
2001). PIP2, hlavni stavebni kdmen bunéénych membran, ktery je fosfolipasou C §tépen na
tzv. druhé posly (Hokin and Hokin 1953; Streb et al. 1983). V neddvné dob¢ bylo prokéazéano,
ze obé molekuly jsou také lokalizovany v jadfe. Jejich dosud znamé funkce jsou detailné
prozkoumany, ale my nyni odhalujeme zcela odlisné funkce téchto biologickych slozek, a to
navic v uplné odlisnych ¢astech buiiky, nez kde se jejich lokalizace predpoklada.

V této praci ukazujeme, Ze paxillin je dilezitym faktorem bunétného jadra, kde kontroluje
expresi dvou dulezitych genti IGF2 a H19, které tidi rtst bunky. Paxillin neméni alelickou
expresi téchto imprintovanych geni, ale reguluje chromosomalni interakce mezi promotory
IGF2/H19 a jejich spole¢nym enhancerem na aktivni alele. Pfesnéji fe¢eno, paxillin stimuluje
interakci mezi enahncerem a promotorem genu IGF2, ¢imz zesiluje transkripci IGF2, zaroven
paxillin brani interakci mezi enhancerem a promotorem H19, a tim snizuje transkripci H19.
Nalezli jsme paxillin v komplexu s kohesiny a také Mediatorem RNA polymerasy II a
navrhujeme, Ze tento komplex zprostfedkovava pisobeni na genovy klastr IGF2/H19.
Ptedstavujeme zde novy mechanismus genové regulace zprostiedkovany proteinem fokalnich
adhezi, paxillinem. NaSe pozorovani pfispiva k vysvétleni mechanismu role paxillinu
v proliferaci a pti vyvoji plodu.

Déle predkladame dvé roviny funkce molekuly PIP2 lokalizovaného v bunééném jadie. Prvné
ukazujeme, Ze PIP2 je stabilni soucésti transkripéniho komplexu RNA polymerasy I, a to
béhem celého bunééného cyklu, coz naznacuje, Ze ma Sirsi funkci v organizaci jadérka. Za
druhé, poprvé uvadime, Ze znacna cast jaderného PIP2 je lokalizovana v dfive nepopsanych
kruhovych strukturach, které jsou odlisné od jadernych speckles a oznacili jsme je jako
»ostriavky“. Ty jsou obklopeny nukleovymi kyselinami a proteiny, zatimco vnitiek je tvofen
prevazn¢ latkami bohatymi na uhlik. PIP2 ostrivky jsou evolu¢né konzervované od prvokl az
po ¢lovéka a jsou spojené s transkripci RNA polymerasy II, jelikoz se lokalizuji do stejnych
mist jako nov¢ vznikajici RNA molekuly a jejich rozstépeni fosfolipasou C snizuje hladinu

transkripce v bunééném jadre.
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UVOD

1. Paxillin and jeho jaderné funkce

Paxillin byl poprvé identifikovan jako 68 kDa protein vykazujici vyznamné zvySeni
fosforylace tyrosinu v bunkéch transformovanych src onkogenem (Glenney Jr a Zokas, 1989).
Paxillin pfednostné lokalizuje do mist buné¢né adheze k extracelularni matrix (ECM), které se
nazéavaji fokalni kontakty nebo fokalni adheze. Tvofi strukturdlni spojeni mezi ECM a
aktinovym cytoskeletem a jsou dilezita mista pfenosu signalu, zejména vyplyvajici z aktivace
integrinti nebo v duasledku stimulace receptorii ristovych faktord (Hynes, 1992). Paxillin
nevykazuje enzymatickou aktivitu, ale slouzi jako adaptér, ktery poskytuje platformu s vice
vazebnymi misty pro signalni a strukturni proteiny, a tim usnadiluje skladani vice
proteinovych komplexd, které koordinuji signalizaci (Schaller, 2001).

Ptestoze je paxillin lokalizovan ptfedevsim ve fokalnich adhezich, v posledni dobé se objevilo
nékolik dikazi o translokaci paxillin do jadra a byly navrzeny jeho jaderné funkce. OSetieni
fibroblasti leptomycin B zptisobilo retenci paxillinu v jadfe, coz poskytuje dikaz pro
kyvadlovy pohyb mezi cytoplazmou a jadrem (Woods a kol., 2002). Toto pozorovani
vyvolalo studium jaderného exportniho signalu (NES) a jaderného lokaliza¢niho signalu
(NLS). Paxillin neobsahuje tradi¢ni NLS. Paxillin bud’ vyuzivd netradi¢ni translokacni
sekvence, kterd dosud nebyla definovana, nebo vstoupuje do jadra ve spojeni s jinymi
proteiny, které obsahuji NLS (Thomas et al, 1999; Wang a Gilmore, 2003). V posledni dobé
byl NES paxillinu navrzen v LD4 motivu. Jeho vypusténi vede k akumulaci paxillin uvniti
jadra. Kromé¢ toho fosforylace Ser272 v LD4 blokuje jaderny exportn a také snizuje vazbu na
GIT1, ale ne na FAK1 (Obr. 1). Navic LD4 vyZaduje LD3 pro funkénost NES. Existuje
hypotéza, ze je LD3 slouzi jako platforma pro podporu defosforylace Ser272 (Dong a kol.,
2009).

Velmi mélo je znamo o ¢innosti paxillinu v jadre. Translokace paxillinu do jadra podporuje
syntézu DNA a bunécnou proliferaci. Vzhledem k tomu, Ze zvySena hladina paxillinu
(pfevazné cytoplazmatického) neni schopna regulovat tyto procesy, N-zkracena forma, ktera
je nabohacena v jadie, je dostateCna pro zvySeni poctu bunék, které¢ vstupuji do bunééného
cyklu, a tedy buné¢nou proliferaci (Dong a kol., 2009). Pii regulaci transkripce, se paxillin
podili na regulaci exprese genu H19. Tento objev byl u€inén po overexpresi paxillinu (Dong a
kol., 2009). H19 byl prvni identifikovany imprintovany gen nachazejici se v IGF2/H19
lokusu. Gen H19 koduje 2,5 kb RNA, kterd podstupuje vSechny modifikace, vcéetné

polyadenylace, ale neni translatovana (Arney, 2003). I pfes zna¢ny zajem, neni funkce genu
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H19 znama. Bylo navrzZeno, ze funguje jako nadorovy supresor, stejn¢ jako ptivodce vzniku

nadorovych onemocnéni (Steenman et al, 1994;. Okamoto et al, 1997;. Berteaux a kol., 2005).

( !
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Obr. 1 Navrhovany model regulace pohybu paxillinu mezi cytoplasmou a jadrem
Fosforylace paxillin na Ser272 podporuje vazbu na kindzu fokalnich adhezi (FAK) a muize
ptispivat k jaderné¢ akumulaci paxillinu, kde by mohl byt také spojena s jadernou FAK. V
jadre paxillin potlacuje expresi genu H19, a tak podporuje proliferaci (Dong a kol., 2009).

2. Mammalian Igf2/H19 imprinted cluster

Imprinting gent Igf2 a H19 geny je mechanisticky propojen. H19 je exprimovana z mat¢iny
alely a Igf2 z otcovy alely. Regulace imprintingu je zavisla na alelicky specifické metylaci
DNA v diferencné metylovanych oblastech (DMRs) pro udrzeni monoallelické exprese.
Existuji dvé DMR oblasti pro Igf2 a obé jsou methylovany na otcovské alele. DMR2 se
nachazi v exonu 6 Igf2 a slouZi jako enhancer aktivovany metylaci (Constancia et al, 2000;
Murrell a kol., 2001). Kromé toho bylo zjisténo, ze oblast MAR slouzi ke kontrole spravného
imprintingu genu Igf2 v novorozeneckych jatrech (Weber a kol., 2003). H19 mé jednu DMR
(ICR), ktery je umisténa 2-4 kb od pocatku transkripce genu z H19 a je také methylovana na
otcovské alele (Bartolomei a kol., 1993; Tremblay a kol., 1997). Delece HI9 ICR a Igf2
DMR1 ma za nésledek bialelickou expresi obou H19 a Igf2 (Arney, 2003).

Béhem vyvoje sdileji oba geny regulacni prvky, které jsou umistény nize od genu H19. Dv¢
sady endoderm specifickych enhancerti jsou umistény ~ 10 kb niZ nez H19 a bylo prokazano,
ze reguluji expresi H19 i Igf2 (Obr. 2; Leighton et al 1995b; Kaffer et al, 2000). V posledni
dob¢ bylo ukazano, Ze tyto enhancery jsou vazany transkripénim faktorem ZACI, ktery
ovliviiuje hladinu RNA z téchto dvou genti, jakoz i dalsi imprintované geny (DIlk1 a Cdknlc;
Varrault a kol., 2006). Bylo prokdzéno, Ze mechanismus imprintingu lokusu Igf2/H19

zahrnuje také kohesinem fizené intrachromozomalni smycky. Bylo vytvofeno nékolik
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modelt, které ukazuji zvlastni strukturu jednotlivych (matetskou a otcovskou) alel v dasledku
interakce mezi jednotlivymi kontrolnimi oblastmi (Weber a kol., 2003, Kurukuti a kol., 2006,

Murrell a kol., 2004, Yoon a kol., 2007, Kato a Sasaki, 2005, Han a kol., 2008).

Obr. 2 Zjednoduseny model regulace imprintovaného klastru Igf2/H19

Imprinting tohoto klastru zahrnuje evolu¢né konzervovany CCCTC-vazajici faktor (CTCF).
Tento izolatorovy protein se vaze vyhradné na nemetylovany ICR na matciné alele (Bell a
Felsenfeld, 2000; Hark et al, 2000), a pisobi jako izolator, blokujici pfistupu enhanceru na
Igf2 promotor (Szabo et al, 2004). Metylace H19 ICR na otcovské alele inhibuje vazbu
CTCF, ktery umoziuje enhanceru ptistup k Igf2 promotoru na otcovské alele (Murrell a kol.,
2004; Kurukuti a kol., 2006). Cerveny box - neaktivni gen, zeleny box - aktivni gen, ernd
lizatka - metylace, tmavé ¢ervené Sipky - bariéra.

Zatimco Igf2 lokus koduje inzulinu podobny riistovy faktor-2 (Igf2), coz je peptidovy hormon
podporujici rist, lokus H19 kdéduje nekodujici RNA (ncRNA), ze které vznikaji mikroRNA
(miRNA), které maji opacny uc¢inek na bunécnou proliferaci (Gabory a kol., 2010). Dvoji
funkce "jin-jang" tohoto lokusu vyzaduje spravné vyvazenou expresi Igf2 a H19, rozhodujici
ptedevsim pro normalni vyvoj plodu (Reik a Walter, 2001, Pannetier a Feil, 2007, Bartolomei
a Ferguson-Smith, 2011).

3. Fosfoinositidy a jejich struktura

Fosfoinositidy obsahuji dva dlouhé hydrofobni mastné acylové ocasy spojené skupinou
glycerolu, ktery je vézan prostfednictvim fosfodiesterové vazby na hydrofilni skupiny
inositolové hlavy. Jaké maji rizné acylové zbytky vliv na néasledné funkce PIP neni dobie
znamé. Reversibilni fosforylace v poloze 3, 4 nebo 5 myo-inositolového-kruhu vytvari sedm
ruznych fosfoinositidd (Obr. 3) : PI3P, PI4P, PISP, PI(3,4)P2, PI(3,5)P2, PI(4,5)P2 a
PI(3.4,5)P3 (Irvine, 2003). Rada kinaz, fosfataz a fosfolipaz udrzuje hladinu PIPa a aktivita
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téchto enzymtll se mize zménit v zévislosti na riznych podnétech, coz vede ke zméné profilu

PIPa (van den Bout a Divecha, 2009).
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Obr. 3 Struktura a komplexni mapa jadernych fosfoinositidi (PIPy)
PIPy se skladaji ze dvou hydrofobnich mastnych acylovych fetézcti a hydrofilni skupiny,
inositol hlavy, spojené skupinou glycerolu. Rada kinaz a fosfatiz generuje sedm rtiznych
fosfoinositidi: PI3P, PI4P, PISP, PI(3,4)P2, PI(3,5)P2, PI(4,5P2 a PI(3,4,5)P3. Tyto
kindzové reakce jsou oznaceny Cernymi Sipkami a reakce fosfatdz jsou oznaceny Cervenymi
Sipkami, pro jednoduchost nejsou enzymy zobrazeny; piejato od Shah a kol., 2013.

3.1. Jaderné fosfoinositidy a jejich funkce

V cytosolu jsou fosfoinositidy (PIPy) pevné ukotveny v membran¢, kde koncentruji upstream
regulatory a nasledné cile, coz vede k rychlejsi signalizaci a specifi¢nosti (Cocco a kol., 1988;
McCrea a De Camilliho, 2009). Metabolismus fosfoinositidii se odehrava také v jadie. Kdyz
byly izolované jadra inkubovédny s radioaktivné znacenym 32P-ATP, radioaktivita byla
zaclenéna do fosfatidylinositol fosfati (PIPy; Smith a Wells, 1983a, b, 1984a, b). Jaderné i
cytoplazmatické PIPy sdileji regulacni enzymy, vétSina z nich nejsou vyluéné lokalizovany do
cytoplazmy nebo do jadra (Boronenkov a kol., 1998; Doughman et al, 2003, Schill a
Anderson, 2009). PIPy tak mohou byt syntetizovany v jadie. Jaderné funkce riznych PIPG

jsou shrnuty v Tabulce 1.
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Tabulka I Funkce riznych jadernych fosfolipida

Inositolova Enzym Lokalizace Efektory Funkce Reference
molekula
PI3- Gillooly a kol., 2000;
PI3P . Jadérko, NM ? Regulace bun. cyklu Visnjic and Banfic,
kinase
2007
PI4P Pl4- NM ? Bun. cyklus, PI4,5P2 o rastre a kol. 1992
kinase prekurzor
PI5- NM, _ Organizace .
PI5P . . ING, jiné? chromatinu, apoptosa, Gozani a kol., 2003
kinase chromatin
opravy DNA
SHIP-2 Membrana, Yokogawa a kol.,
P13,4P2 PIPK ”é jaderné ? Pre-mRNA splicing 2000; Déléris a kol.,
speckles 2003
Membrlana, Star-PAP, 3 -fer.md procesmg,
PI4.5P2 PIPK lo, Jaderné ING2. ALY splicing, organizace Osborne a kol., 2001;
! PIPKliB  speckles, NM, ’ * chromatinu, prekursor Mellman a kol., 2008
. BRG1
chromatin IP3
PIPK I, PIP3BP,  Bun. cyklus, Tanaka a kol., 1999;
PI3,4,5P3 PIP3K NM jiné? diferenciace proliferace Neri a kol., 2002
DAG PILPLC  NM ? Bun. cyklus, Goto a kol., 2006
diferenciace proliferace
Ins4,5,P3 PI-PLC NM ? Signalizace vapniku Echevarria a kol., 2003
IPn NM, MRNA export, York and Majerus,
IPn . . ? . X 1994; Steger a kol.,
kinases  chromatin chromatinova struktura

2003

Fosfatidylinositol 4,5-bisfosfat (PIP2) je pfevladajici regula¢ni molekula nejen v cytoplazmé,

ale také v jadre. Existuji tfi tiidy fosfatidylinositol fosfatovych kindz (I, I a III). Oba typy, I a

II, dovedou generovat PIP2, i kdyz s vyuzitim rtznych substrata, PI4P, respektive PISP
(Rama et al, 1997; Anderson et al, 1999; Halstead et al, 2005; Fiume et al, 2012).

Metabolickym znacenim

radioizotopy v jadrech potkanich jater

bylo zjisténo, ze

prevladajicim zptisobem vyroby PIP2 v jadie je fosforylace PI4P kinazou typu I, coz je stejné

pro celou bunku (Vann a kol., 1997).

CILE

CAST I - JADERNE FUNKCE PAXILLINU

1) Jaky mechanismus stoji za roli paxillinu v genové expresi?

2) Jaka je role paxillinu ve vztahu k imprintovanému klastru IGF2/H19?

3) S jakymi protein/proteinovymi komplexy interaguje paxillin v jadie?
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CAST II - JADERNY PIP2

1) Zavisi interakce mezi PIP2 a transkripénim komplexem RNA polymerasy I na aktivni
transkripci nebo pretrvava béhem celého bunééného cyklu?

2) Jaka je detailni lokalizace PIP2?

3) Jaké jsou mozné funkce PIP2 ostravkt? Ovliviiyji transkripci RNA polymerasy 11?

VYSLEDKY
I. JADERNE FUNKCE PAXILLINU

Knockdown paxillinu zvySuje expresi genu H19 a zpomaluje proliferaci lidskych bunék
HepG2

V souladu s publikovanymi daty, snizeni hladiny paxillin mé& za nasledek upregulaci
transkripce H19 asi dvojnasobné v porovnani s kontrolnimi buitkami . Pozorovali jsme mirny
pokles v expresi IGF2, ale rozdil nebyl statisticky vyznamny (p > 0,05) . BrdU test ukazal, ze
knockdown paxillinu a nasledna upregulace H19 sniZzuje pocet bun€k obsahujicich BrdU

v DNA, a tedy proliferaci.

Paxillin reguluje promotory genti IGF2 a H19 prostrednictvim jejich spole¢ného
enhanceru

Snizeni hladiny paxillin zvySuje aktivitu H19 promotoru prostfednictvim jeho enhanceru a
snizuje aktivitu IGF2 promotoru. Jinymi slovy, normalni hladina paxillinu mé represivni
ucinek na H19 promotor a pozitivni vliv na IGF2 promotor. Dllezité je, ze paxillin nereguluje

tyto promotory piimo, ale prostiednictvim sdileného enhanceru.

Paxillin interaguje s IGF2P3/H19 promotory a jejich enhancerem

ChIP analyza ukazala, ze paxillin interaguje pirevazné s H19 promotorem. Interakce paxillinu
s IGF2 P3 promotorem a jejich spolecnym enhancer byla slabsi, zatimco nebyla zjiSténa
zadna vazba k regionu ICR. Tyto vysledky naznacuji, Ze paxillin vaZe oba hlavni transkripéni

prvky - promotor a enhancer - a miize tudiz regulovat jejich vzajemnou interakci.

Paxillin reguluje interakci IGF2P3/H19 promotor-enhancer
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Paxillin reguluje aktivaci IGF2 P3 a H19 promotorti pomoci sdileného enhanceru, a ze tak
¢ini opacnym zpiisobem. Jinymi slovy, paxillin podporuje kontakt mezi IGF2 P3 promotorem

a enhancerem, a soucasn¢ blokuje aktivaci promotoru H19 .

Paxillin vaze SMC1, SMC3 a MED v bunééném jadre

Dva proteiny cohesinové rodiny byly opakované identifikovany v pull-down experimentech, a
to Structural maintenance of chromosomes 1A (SMCI1A) and Structural maintenance of
chromosomes 3 (SMC3). Dale jsme také identifikovali 3 podjednotky MED komplexu,
konkrétné¢ MED15, MED24 a MED23. Specifita identifikovanych interakci byla potvrzena
metodou Western blot. Oba proteiny SMC1 a SMC3, jakoz i MED23 byly nalezeny v pull-

down frakcich, ale ne v v kontrole, coz odpovida nasim MS datim.

II. PIP2 A TRANSKRIPCE RNA POLYMERASY 1

PIP2 asociuje s pre-inicia¢nim komplexem RNA polymerazy I v mitotickych buiikach
Odhalili jsme, Ze UBF a dvé& podjednotky Pol I, PAF53 a RPA116, ko-immunoprecipuji s
PIP2. To jasné¢ ukazuje, Zze PIP2 interaguje s transkripénim komplexem Pol I v prabchu

mitozy.

PIP2 je stabilni soucasti pre-iniciacniho komplexu Pol I v pribéhu vSech fazi mitozy

Pozorovali jsme kolokalizaci PIP2 a UBF béhem vSech fazi mitézy. SIM ukazala kolokalizaci
mezi PIP2 a UBF v NORech béhem celé profize a metafaze, pokracujici v "dcefinnych"
NORech v anafazi a telofazi. Elektronova mikroskopie potvrdila kolocalization PIP2 s UBF v

jasné rozeznatelnych NORech od profaze po telofazi.

Inhibice transkripce rusi vazbu PIP2 s fibrillarinem, av§ak ne s UBF a Pol 1
Asociace PIP2 s Pol I a UBF neni zavisla na aktivni transkripci Pol I, zatimco fibrillarin

asociuje s PIP2 pouze tehdy, kdyZ je transkripce Pol I aktivni.

IIL. PIP2 OSTRUVKY

Distribuce PIP2 v jadie
Odhalili jsme, ze jaderny PIP2 se nachazi ve tfech rGznych oblastech: speckles, jadérka a

vyznamna cast jaderného PIP2 je soustiedéna v diive necharakterizovanych strukturach. Tyto
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struktury jsou jasn¢ odliSitelné od jadernych species, velikosti a tvarem. Zde o nich hovotime

jako o PIP2 ostriivkach.

PIP2 ostrivky jsou obohaté na slouceniny uhliku a jsou obklopeny nukleovymi
kyselinami a proteiny

Ukazali jsme, Ze PIP2 ostrivky jsou obklopeny nukleovymi kyselinami a proteiny, pfi¢emz
ve vnitinim prostoru PIP2 ostriivkd tyto komponenty chybi. Odhalili jsme, Ze vnitiek PIP2

ostrivki se sklada hlavné z latek bohatych na uhlik.

PIP2 ostrivky jsou evolu¢né konzervované jaderné struktury

Prokézali jsme, ze 40 az 100 nm velké PIP2 ostrivky jsou pfitomny v jadrech kvasinek
(Saccharomyces cerevisiae) , prvoki (Giardia lamblia, Tetrahymena thermophila), fazoli
(Vicia; meristémové bunky klicicich fazoli), mysich bunék (Mus musculus; primarni kozni
fibroblasty), a lidskych bunék (Homo sapiens : mezenchymalni kmenové buiiky, stimulované

lymfocyty, buiiky cervikalniho karcinomu) .

PIP2 ostruvky jsou zapojeny do transkripce RNA polymerazy I1

Ukazali jsme, ze PIP2 ostrivky kolokalizuji s C-termindlni doménou Pol II, TATA-box
vazajicim proteinem (TBP) a také se vznikajicimi RNA transkripty. Hydrolyzovali jsme PIP2
inkubaci bun¢k s enzymem fosfolipazou C. To mélo za nasledek sniZeni Grovné transkripce o
36,5 %. Stejny ucinek byl pozorovan u PIP2 ostrivkd, kde snizeni hladiny PIP2 o 18,1%

m¢élo za nésledek snizeni Grovné transkripce o 36,1 %

DISKUZE

Jaderné funkce paxillinu

Ukézali jsme, ze paxillin reguluje tvorbu dalekosahlych interakci mezi promotory gentt H19 a
IGF2 a jejich spoleénym enhancerem. Identifikovali jsme interakci paxillinu s kohesinovym
komplexem (podjednotkami SMC1, SMC3). Zajimav¢ je, ze kohesinovy komplex byl popsan
jako hlavni reguléator dalekosahlych chromatinovych interakei na IGF2/H19 klasteru (Wendt a
kol. 2008; Nativio a kol., 2009). Navic bylo zjisténo, ze kohesin kolokalizuje s Mediatorem
(Kagey a kol., 2010). Bylo prokazdno, ze tyto proteiny zprostiedkovavaji dalekosahlé
interakce mezi enhancery a promotory klicovych transkripénich faktorti regulujicich

pluripotenci v mySich embryonalnich kmenovych buiikach (Conaway a Conaway, 2011).
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Obr. 4 Model regulace IGF2/H19 paxillinem

Model regulace lokusu IGF2/H19. Paxillin asociuje s kohesinem a Mediatorem a
zprostfedkovava dalekosahlé chromozomalni interakce mezi IGF2 nebo H19 promotorem a
sdilenym enhacerem, a tim reguluje jejich transkripci. Konkrétné, paxillin zvySuje interakci
mezi enhancerem a IGF2 promotorem , ale blokuje interakci H19 promotor-enhancer, coZ ma
za nasledek stimulaci exprese IGF2 a potlaceni exprese H19. Model ukazuje otcovskou a
matetskou alelu genti; cerveny obdelnik - neaktivni gen, zeleny obdelnik - aktivni gen, erné
lizatka - metylace, modry kruh - kohesinovy komplex, tmavé ¢ervené Sipky - ICR bariéra.

Zjistili jsme Ze, podjednotky Mediatoru, zejména pak jeho ocas (Malik a Roeder, 2010), se
nachdzi v pull-down frakcich. Proto navrhujeme model (Obr. 4), kde paxillin asociuje s
kohesinem a Medidtorem a zprostiedkovava dalekosahlé chromozomalni interakce mezi IGF2
nebo H19 promotorem a sdilenym enhacerem, a tim reguluje jejich transkripci. Konkrétné,
paxillin zvySuje interakci mezi enhancerem a IGF2 promotorem, ale blokuje interakci H19
promotor-enhancer, coz ma za nasledek stimulaci IGF2 a potlaceni exprese H19. Na§ model
také vysvétluje vyrazny pokles v bunécné proliferaci po depleci paxillinu, protoze to
zpusobuje upregulaci HI19 nekddujici RNA, ze které vznikaji mikroRNA potlacujici rist
(miRNA, Gabory a kol., 2010). Geny IGF2 a H19 jsou exprimovany zejména b&hem
embryonalniho vyvoje, poté jsou downregulovany (s vyjimkou kosternich svalli, Brunkow a
Tilgham, 1991; DeLaval a Feil, 2004). Jejich spravnd exprese je tedy velmi dulezita
pfedevsim pii vyvoji plodu (Delaval a Feil, 2004, Pannetier a Feil, 2007,. Gabory a kol.,
2010). Presto, ze tyto regulacni mechanismy jsou zachovany pfi kultivaci somatickych bunék,
predpokladame, ze skutecny vyznam tohoto regulacniho modelu spociva ve vyvojovych
stadiich.

Na zéklad€ naSich zjiSténi, navrhujeme novy regula¢ni mechanismus pro lokus IGF2/H19,

kde paxilllin v komplexu s kohesinem a Medidtorem zprostiedkovavaji interakce promotor-
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enhacer. Vezmeme-li v tvahu, ze paxillin jeprotein fokalnich adhezi, ukazuje to, ze bunky
reguluji expresi gent s vyuzitim fyzické bariéry tvoiené jadernym obalem, a tak tidi pfistup

regulatorti k jejich cilovym gendm.

Lokalizace a funkce jadernych fosfolipidi

Zjistili jsme, ze po fyziologické (mitdza) nebo chemicky indukované (AMD) inhibici Pol I
transkripce, PIP2 zlstdva asociovan s UBF a podjednotkou Pol I, soucastmi Pol I pre-
vaze UBF piimo, a obé PAF53 a RPA116 podjednotky ziistdvaji spojeny s Pol I transkripéni
jednotkou nezavisle na syntéze rRNA (Hanada a kol., 1996;. Seither a kol., 1997). Tyto data
posiluji nazor, ze PIP2 interaguje s fibrillarinem pouze pii aktivni pre-rRNA transkripci,
zatimco jeho vazba na UBF v Pol I komplexu neni zavisld na syntéze rRNA. UBF asociuje s
vlaknem rDNA v pribéhu celého bunééného cyklu (Gebrane-Younes a kol., 1997), a bylo
ukézano, ze to hraje roli pii tvorbé jadérka (Fomproix et al, 1998;. Mais et al., 2005). Ukazali
jsme, ze asociace PIP2 a UBF je zachovana v prubéhu celého bunééného cyklu, coz ukazuje
na strukturni tlohu PIP2 pfi tvorbé a udrzovani jadérkové architektury. Navrhujeme, ze PIP2
v komplexu s UBF tvoii zékladni ¢ast struktury helixu rDNA, a tim udrZuje otevieny stav

chromatinovych NOR nezavisle na Pol I transkripci.

A B C

Obr. 5 Navrhovany model ostriivku PIP2 asociovaného s transkripénim komplexem
RNA polymerasy I1

A) Velikost PIP2 molekuly. B) PIP2 ostriivek (modrd ¢arkovand kruznice) je schematicky
zobrazen v poméru k velikosti PIP2 molekuly. C) ZvétSeny pohled na povrch PIP2 ostrivku,
odpovidajici zakrouzkované oblasti. Navrhujeme, ze PIP2 ostrivek slouzi jako dokovaci
stanice pro Pol II transkripéni komplex.
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Pouzili jsme elektronovou mikroskopii a 3D elektronovou tomografii pro detailni zkoumani
PIP2 lokalizaci v jadfe a odhalili jsme jako prvni struktury PIP2, které se liSi od jadernych
speckles. Tyto kulovité struktury, které tvoii asi tfetinu celkového jaderného poolu, maji 40 az
100 nm v priméru, a zde je oznacujeme jako "PIP2 ostrivky". Elementarni mapovani
ukézalo, ze vnittek PIP2 ostrivkil se vyznacuje sloueninami bohatymi na uhlik, obklopeny
jsou nukleovymi kyselinami a proteiny. Proto navrhujeme, Ze organizace PIP2 ostravki
odrazi usporadani micel: hydrofobni jadro obklopené hydrofilni vnéjsi ¢asti. Pozoruhodné je,
pozorovanimi, kdy je sfingomyelin lokalizovén v perichromatinové oblasti, kde se odehrava
DNA replikace a transkripce, a je vyloucen z oblasti kondenzovaného chromatinu (Jaunin a
Fakan, 2002; Fakan, 2004; Scassellati a kol., 2010).

Osborne a kol. ( 2001) ukézali, ze PIP2 asociuje s hyperfosforylovanou Pol II a snRNA, coz
dokazuje zapojeni PIP2 v sestiihu mRNA. My jsme ukazali, ze PIP2 ostrivky kolokalizuji
s nov¢ vznikajicimi RNA transkripty a obéma Pol II CTD a TFIID TBP, které tvofi jadro
transkripcniho komplexu a iniciuji transkripci. Kromé toho, hydrolyza PIP2 po oSetfeni PLC
ma za nasledek vyznamné snizeni hladiny transkripce v celém jadre, stejn¢ jako v PIP2
ostrivcich. Navrhujeme model (Obr. 5) vziajemného usporddani PIP2 molekul a proteint
asociovanych s PIP2 ostriivky v jaderném prostoru. Domnivame se, Ze PIP2 ostrivky
poskytuji povrch pro transkripci Pol II, slouzici jako dokovaci stanice pro formovani

transkripcnich komplexi Pol II.
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ZAVERY
CAST I - JADERNE FUNKCE PAXILLINU

Paxillin reguluje expresi genti IGF2 a H19 v lidskych buiikach
Predstavujeme novy regulaéni mechanismus, kde paxillin zvySuje transkripci rist-
stimulujiciho peptidu IGF2, zatimco potlacuje expresi rust-brzdiciho genu H19.

Paxillin kontroluje expresi H19 a IGF2 regulaci interakci promotor-enhancer

Ukazali jsme, ze paxillin reguluje dalekosdhlé chromozomalni interakce tvotfené mezi
promotory IGF2/H19 genti a enhancerem. Detailné, paxillin stimuluje interakci mezi
enhnacerem a IGF2 promotorem, a tim zvySuje transkripci IGF2. Paralelné¢ s tim brani
interakci mezi enhancerem a promotorem H19, a potlacuje expresi H19.

Jaderné funkce paxillinu jsou zprostredkovany vazbou na kohesin a Mediator

Ukazali jsme, ze paxillin spolupracuje s kohesinem a Mediatorem, které zprostfedkovavaji
dalekosahlé chromozomalni smycky. Navrhujeme, Ze se tyto interakce uplatituji na IGF2/H19
genového klastru, reguluji tvorbu smycek mezi IGF2/H19 promotory a enhacerem, a tim i
jejich expresi.

CAST II - JADERNY PIP2

PIP2 je stabilni soucasti transkripéniho komplexu RNA pol I béhem celého bunécéného
cyklu

PIP2 je spojena s podjednotkami Pol I a UBF béhem celého bunééného cyklu bez ohledu na
transkripci coz naznacuje, ze PIP2 hraje roli v organizaci jadérka.

PIP2 tvori kulovité struktury v nukleoplazmé - "PIP2 ostrivky"

Ukézali jsme, Ze podstatna ¢ast jaderného PIP2 se nachazi v dfive necharakterizovanych
strukturach, které jsou odlisné od jadernych speckles, a my je oznacujeme jako PIP2 ostravky.
Jsou obklopeny nukleovymi kyselinami a proteiny, pficemZ vnitini prostor je slozen hlavné z
latek bohatych na uhlik. Ukazali jsme, ze PIP2 ostrivky jsou evolu¢né konzervované od
prvoki po ¢lovéka.

PIP2 ostriivky jsou zapojeny v transkripci RNA Pol 11

Ukazali jsme, ze PIP2 ostrivky kolokalizuji s C-termindlni doménou Pol II, TATA-box
vazajicim proteinem (TBP) a nové vznikajicimi RNA transkripty. Kromé toho, hydrolyza
PIP2 enzymem PLC snizuje hladinu RNA pol II transkripce. Navrhujeme, ze PIP2 ostravky
jsou zapojeny do transkripce RNA pol II.
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