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Summary

Summary

Geminin functions in the regulation and possibly coordination of replication and embryonic
development. It interacts with the licensing factor Cdtl, with several homeodomain proteins
and with members of chromatin modifying complexes, in particular the polycomb and the
SWI/SNF complexes. In a two-hybrid screen a so far undescribed protein “TIPT” (TBPLI
Interacting Protein) was identified. TIPT is widely expressed in embryonic and adult tissues,
and as well in normal and cancer cell lines. The protein is enriched in the cytoplasm, the
centrosome and the nucleolus. The nucleolar localization suggests that TIPT is either involved
in Pol I transcription or is only stored there. TIPT interacts strongly not only with geminin,
but also with the Polycomb group members, the transcription factor AF10, nucleolar and
centrosomal proteins (nucleolin, nucleophosmin), and components of the basic transcription
machinery (TBP and TBP-like factor).

Transient overexpression of TIPT in culture cells elongates S phase and shortens G2/M phase
during one cell cycle, suggesting an activation of an intra-S phase checkpoint. However,
proliferation in general is not affected by TIPT as judged in stably overexpressing cells.
Inhibition of Pol I transcription by actinomycin D, or RNA depletion by RNase A in tissue
culture cells abolished the nucleolar localization of TIPT. Overexpression of TIPT activates
both endogenous and reporter Pol I transcription in a dose dependent manner. However, TIPT
was not found associated in vivo neither with the Pol I preinitiation complex, nor with the
ribososmal DNA promoter, therefore its direct role on Pol I transcription needs further
clarifications.

TIPT binds in vitro the adenovirus major late promoter on its upstream BRE (TFIIB binding
site) element forming a ternary complex with TBP. It forms a similar complex by binding to
the G/C rich region of the neurofibromin promoter and TBPL1. Reporter gene assays indicate
a positive influence of TIPT on TATA box-containing and TATA-less Pol II dependent
transcription, which is significantly enhanced by the co-expression of geminin. However, the
binding of TIPT to DNA seems not to be necessary in order to produce this effect. Geminin’s
activatory role reveals a novel function of this multifaceted protein, different from its
previously described repressive role. In vitro, geminin mostly inhibits the binding of TBP or
TBPL1 to DNA, and its interaction with TIPT reduces the effect.

In conclusion, this study presents TIPT as a ubiquitous, highly expressed factor interacting

with the basic transcription machinery and with chromatin associated factors.
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Introduction

1. The General Transcription Machinery in Eukaryotes

One of the central mechanisms of life is how to turn the genes “on” and “off”. Precise spatial
and temporal control of gene expression is essential for the normal growth and development
of all organisms. The predominant mechanism for controlling the complex process of gene
expression is at the level of RNA synthesis. Transcription occurs in the cell nucleus, allowing
the translation of genetic information held in the DNA into RNA, mediated by RNA
polymerase (Pol), the first time postulated by Crick in the central dogma of molecular biology
[1]. The basic transcription reaction is similar in all organisms. In prokaryotes, one enzyme
catalyzes the synthesis of three types of RNA, messenger RNA (mRNA), ribosomal RNA
(rRNA) and transfer RNA (tRNA), whereas three distinct RNA polymerases I, II and III exist
in eukaryotes [2]. RNA Pol I synthesizes rRNA precursors, RNA Pol II catalyzes the
synthesis of mRNAs, microRNAs (miRs), and most small nuclear (snRNA), and the RNA Pol
III synthesizes tRNAs, 5S rRNA and other small RNAs found in the nucleus and cytosol.
Eukaryotic gene transcription is a process tightly regulated at many levels, which requires the
assembly of a complex molecular machinery that includes general transcription factors, gene
specific transcription factors, cofactor complexes and chromatin remodeling factors [3].

A first decision is taken at the chromatin level, by covalent modifications of histone tail and
DNA. An accessible DNA template is prepared from nucleosomes by chromatin remodeling
complexes. Next, regulatory factors bind DNA to regulate the formation or function of the
preinitiation complex [4].

As the organisms evolved, an increasing complexity of the mechanisms regulating gene
expression was necessary to sustain an increased flexibility and capacity to adapt to any

change.

2. RNA Polymerase I-Dependent Transcription

Nucleolus is the place where rDNA transcription, pre-tRNA processing and modifications,
and initial steps of pre-ribosome assembly occur [5]. All cellular organisms synthesize large
amount of rRNA necessary to produce several millions of ribosomes per cell. A cell normally

contains hundreds of rRNA genes organized in tandem head-to-tail repeats that cluster
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together [6]. However, only a small subset of the total rDNA is active, the rest being silenced.
The rRNA gene promoter contains an essential core element essential for proper transcription
initiation, and an upstream control element (UCE) [7]. The mouse TIF-IB complex,
containing the TATA box binding protein (TBP) together with the upstream binding factor
(UBF) and TIF-IA, recruit Pol I and assemble on the rRNA gene promoter into the
preinitiation complex to start the rRNA synthesis [8].

The primary 45/47S rRNA transcript synthesized by Pol I is processed into the mature 18S,
5.8S and 28S rRNAs, which together with the 5S rRNA transcribed by the Pol III make part
of the ribosome [8]. rRNA processing, 2’-O-ribose methylation and pseudouridylation of the
precursor rRNA take place with the help of numerous small nuclear ribonucleoprotein
particles (snoRNPs) which contain small nucleolar RNAs (snoRNAs) [9]. Recently, it was
confirmed that not only in yeast and plants, but also in mammals rRNA synthesis is
coordinated with rRNA processing [10, 11]. The assembly of ribosomal proteins begins in the
nucleolus on the primary pre-rRNA transcript, leading to the formation of a 90S pre-
ribosomal particle [9]. This undergoes a series of processing steps resulting a pre-60S large
subunit, which contains 28S and 5.8S rRNAs, and a 43S small subunit precursor, with 20S
rRNA included. Both subunits are separately exported to the cytosol where other processing
steps are necessary to form the mature ribosomal subunits.

Pol I transcription has a major impact on the life and destiny of a cell, mediating the level of

rRNA production which affects the protein synthesis machinery of the cell.

3. RNA Polymerase II-Dependent Transcription

3.1. RNA Polymerase II-Dependent Transcriptional Initiation

In eukaryotes, RNA polymerase II transcribes all the protein coding genes. The protein coding
sequences represent only a small fraction of a typical metazoan genome and only 5-10% of
the total coding capacity is dedicated to proteins that regulate transcription, in humans
estimated 3000 transcription factors [12, 13]. The core promoter of a gene is the minimal
region of DNA highly conserved between genes where RNA Polymerase I can initiate basal
transcription. The core promoter is compact, and typically extends approximately 35 base
pairs (bp) upstream and/or downstream of the transcription start site, and can contain several

distinct core promoter sequence elements such as the TATA box, located -25 to -30 bp
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upstream of the transcription start site, the initiator element (INR) located at -3 to +5 around
the transcription start site, and the downstream promoter element (DPE) located at +10 to +35
downstream from the transcription start site [14]. Core promoters present a structural and
functional diversity very important for the combinatorial regulation of gene expression, each
core promoter sequence element being found only in a subset of genes [15]. So far, only the
TATA box and the INR element have been shown to be capable of directing accurate Pol II
transcription initiation independent of other core promoter elements.

The basal transcription machinery was defined as the sum of factors, including RNA
polymerase II itself, which is minimally required to direct the transcription in vitro from an
isolated core promoter. The formation of the preinitiation complex containing the basal
transcription factors (TFIIA, TFIIB, TFIID, TFIIE, TFIIF, TFIIH) and RNA polymerase II, at
the right time and at the right promoter is the first step of transcription. This process was
intensively studied and two different assembly pathways are in debate: the sequential
pathway, and the holoenzyme pathway [16]. It is believed that both pathways assemble in
vivo, depending on the promoter. In the sequential assembly pathway TFIID, containing TBP
and TBP-associated factors (TAFs), nucleates the complex through binding to the TATA
element, followed by TFIIA and TFIIB that stabilize the binding of TFIID, and TFIIF that
associates with unphosphorylated Pol II (Figure 1A). Afterwards, TFIIE is recruited, and
finally TFIIH binds. TFIIH phosphorylates the C-terminal domain (CTD) of Pol II and has a
helicase activity, unwinding the DNA around the transcription initiation site. The Pol II
holoenzyme pathway was described in vitro by purification of a Pol II complex containing
TFIIB, TFIIE, TFIOF, TFIH, GCNS5 acetyltransferase, SWI/SNF chromatin remodeling
complex and SRBs, however lacking TFIID and TFIIA. Many class II promoters do not have
a TATA box, therefore the initiation of transcription must involve alternative pathways

excluding the presence of TBP [16].

3.2. The TATA Element

The TATA box, an A/T rich sequence, is the first core promoter element identified in the
eukaryotic genome and the most studied. Recent database analysis showed that the prevalence
of the TATA box was overestimated, and in humans only 32% from the analyzed promoters
contain a TATA element [17]. A TATA box associates with TBP, the subunit of TFIID [18,

19]. Its consensus sequence was determined from the alignment of different promoters to be
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T-A-T-A-A/T-A-A/T-A/G (http://www.epd.isb-sib.ch/promoter elements) [20]. The TATA
element is highly conserved, being found in ancient eukaryotes and even in archaea. The
upstream sequences are not as well conserved as the TATA box, and play frequently
important roles in determining the efficiency of transcription initiation [21]. Wolner and
Gralla showed that the sequences flanking the core TATA box influence the basal level of

transcription and the response to activators [15].

A
TAFs

— TRIA TR U THHE T -
TATA

B

C
_TFuAﬂrFusimun T —

TATA-less

Figure 1. Schematic view of Pol II-dependent transcription initiation and crystal structure of TBP-DNA
complex. (A) Simplified view of the preinitiation complex on the TATA-containing promoter. TFIID, containing
TBP protein that recognizes the TATA box and TAFs, nucleates the formation of the preinitiation complex.
TFIIA and TFIIB stabilize the binding of TFIID complex on DNA, and allow the recruitment of the other
transcription factors together with RNA Pol II, which initiates transcription. (B) Crystal structure of TBP
complexed with the TATA element of the adenovirus major late promoter (AdMLP). TBP is depicted as ribbon
drawing and colored in light blue for TBP N-terminus and first repeat, and dark blue color for TBP second
repeat. DNA is shown as a stick figure with hypothetical, linear, B-form extensions at both ends. The
transcription start site of the AAMLP is labeled with +1 (adapted from Nikolov and Burley, 1997). (C) Simplified
view of transcription initiation from a TATA-less promoter which uses TBPL1 as nucleating factor of the PIC.
TBPL1, the TBP-like factor has a saddle-like shape similar to TPB. It binds a TATA-less promoter and contacts
TFIIA and TFIIB probably in a similar way as TBP does.
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3.3. The TATA Binding Protein

TFIID is a multiprotein complex composed of TBP and 13 or 14 TAFs [22, 23]. TFIID
assembly on the TATA-containing promoters starts with the binding of TBP to the TATA
element [24, 25]. In addition to its central role in Pol II transcription, TBP was found in
multiprotein complexes of Pol I and Pol I1I, also functioning in promoter recognition.

All organisms except eubacteria possess TBP. In the last fifteen years many structural studies
of different TBP species were performed by crystallizing TBP alone or DNA/co-factors
associated. TBP has a bipartite structure with a C-terminal core domain highly conserved and
approximately 80% identical in yeast and mammals. The N-terminal TBP region is variable
between all the eukaryotes, but is well conserved amongst vertebrates [26, 27]. The three-
dimensional structure of the C-terminal portion of TBP composed of 180 amino acids has a
saddle shape [28-30]. TBP consists of two almost-identical domains due to the presence of
two direct imperfect repeats found in the core domain (called N- and C-terminal repeats)
(Figure 1B). Therefore, it was suggested that TBP evolved from a true dimer of two identical
chains of approximately 90 amino acid residues [31]. The core domain is responsible for the
DNA-binding through the concave underside of the saddle, and for the transcription
machinery components and other regulatory proteins interaction through the convex upper
surface of the saddle. In order to prevent unwanted transcription, TBP forms a homodimer
that is inactive for the DNA binding [28, 30, 32].

Several cocrystal structural analyzes of DNA-TBP from different species suggest an induced-
fit mechanism of protein-DNA recognition [33]. TBP modifies the TATA box DNA by
binding to the minor groove which relies on hydrophobic interactions, unwinding partially the
DNA duplex due to the insertion of phenylalanine residues, and bending the B-DNA at both
5’ and 3’ ends of the TATA box (Figure 1B, [34]). The N-terminal domain of the conserved
portion of TBP contacts the 3’ half of a consensus TATA box, and the C-terminal domain
contacts the 5’ half. However, the orientation of the transcription machinery is given by the
TATA box in combination with other promoter elements such as BRE, the TFIIB recognition
element [35-37]. The crystal structure of TBP-cTFIIB-TATA ternary complex revealed that
TFIIB binds the major groove upstream of the TATA box and the minor groove downstream
of the TATA box in the AAML promoter [36]. TFIIB upstream binding site was called BRE"
and the sequence G/C-G/C-G/A-C-G-C-C is preferred for the interaction with TFIIB [38].
This TFIIB-BRE" interaction can occur independent of TBP and helps orienting the
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preinitiation complex [38, 39]. The consensus for downstream BRE (BRE") was found to be
G/A-T-T/G/A-T/G-G/T-T/G-T/G, and the TFIIB binding seems to require prior TBP binding
[40]. These BRE elements were found in the TATA-containing promoters, as well as in the
TATA-less promoters. It was suggested that TFIIB probably enhances TFIID binding to the
core promoter region by stabilizing this interaction through additional DNA contacts [40].
Except for TFIIB, TFIIA is necessary to stabilize the TBP binding to the TATA box [16].

In Xenopus and zebrafish TBP is expressed already at the onset of zygotic transcription and
during all the stages of embryonic development [41, 42]. Moreover, the TBP-/- murine
embryos arrest in development at embryonic blastocyst stage [43]. However, TBP depletion
produced a loss of Pol I and Pol III transcription, but not Pol II, suggesting that Pol II

transcription can run through different mechanisms independent of TBP.

3.4. The TATA Binding Protein-Like Factor

Since TBP was found assembled in different complexes required for the transcriptional
activation, it was considered the “universal transcription factor”. Recent studies, however, led
to the discovery and analysis of TBP-related factors (TRF1, TRF2 and TRF3), showing that
TBP is indeed not the universal transcription factor, and that Pol II transcription still present
in TBP null embryos might be due to one of these factors.

TRF1 found only in Drosophila, and TRF3 found in most vertebrates except Drosophila and
C.elegans, resemble TBP in the facts that bind the TATA box, TFIIA and TFIIB, but seem to

activate only a specific set of genes transcription [44-49].

3.4.1. The Role of TBPL1 in Transcription

TRF2/TRP/TLP/TLF is a TBP-related factor and will be further called in this work as TBPLI1,
based on the Mouse Genome Database nomenclature committee annotation. TBPL1 has been
described in many metazoans and in the unicellular dinoflagellate Crypthecodinium cohnii,
but not in plants, yeast or archaea [42, 50-60]. Like TBP, TBPL1 factor has a bipartite
structure with a variable N-terminal domain and a highly conserved C-terminal core domain
containing two direct repeats [50]. The murine TBPL1 core-domain presents 76% similarity
and 39% identity with the corresponding domain of mouse TBP, and the binding sites for
TFIIA and TFIIB are conserved. Indeed, studies showed that TBPL1 binds TFIIA and TFIIB
transcription factors, but not the TATA box (Figure 1C, [54-57]). Drosophila TBPL1 co-
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purified in a large multisubunit complex unlike TBPL1 overexpressed in human cells, which
was found in a small complex with nearly stoichiometric amounts of TFIIA and without TAFs
[55, 56, 59, 61].

TBPL1 activates transcription from different TATA-less promoters, and repress transcription
from the TATA box-containing promoters, probably because it has a higher affinity for TFIIA
than TBP has (Figure 1C, [55-57, 62-64]).

TBPL1 subcellular localization is unexpected for a basic transcription factor. TBPLI is
nucleolar in HeLa and Cos7 cells, cytoplasmic in DT40 chick cells, and either nuclear or

cytoplasmic in mouse male germ cells [43, 60, 65, 66].

3.4.2. The Role of TBPL1 in Animal Development

Sequence comparison of the core domains in the TBPL1 family reveals that they are less
conserved in evolution (40 to 45% identity among the metazoan species) than the TBP core
domains (about 80% identity between yeast and humans) [50]. Thus, while the role of TBP is
similar in different species, the function of TBPL1 may have evolved into different regulatory
pathways in evolutionarily distant species.

The difference in the biological functions of TBPL1 in various species is evident. The
depletion studies in C.elegans, Xenopus, zebrafish and Drosophila using RNA interference,
antisense oligonucleotides, homozygous gene inactivation or dominant negative approaches
resulted in early embryonic arrests and a loss of expression of some genes required for
differentiation [42, 51, 52, 59, 61]. Therefore, it was suggested that TBPLI1 is directly
required for the expression of a specific set of genes necessary for early development, or
indirectly required for the expression of other necessary genes, such as transcription factors
[52]. The loss of TBPL1 caused the expression of several genes normally not expressed at
early stages of C. elegans embryogenesis, suggesting that TBPL1 may be a repressor of
transcription in early embryo [51]. The depletion of TBP or TBPL1 in Xenopus and zebrafish
revealed that there is an independent as well a complementary requirement for TBP and
TBPL1 for some genes, strengthening the idea that TBPL1 is necessary for transcription of a
certain set of genes [41, 42].

Analysis of TBPL1 expression revealed that TBPLI was expressed in most human and mouse
tissues, with the highest level in testis [53, 55]. The total inactivation of 7TBPLI mouse gene

by homologous recombination revealed that the mice were viable, which came unexpected
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considering the lethal phenotype obtained by the inactivation of 7BPLI in C. elegans,
Drosophila, zebrafish, Xenopus and Drosophila [67, 68]. Male mice were sterile because of a
late arrest in spermiogenesis, but females were fertile indicating that maternal and zygotic
TBPL1 expression is not essential for embryogenesis. The 7BPL[-/- mice have an arrest at the
transition of round spermatids to elongating spermatids at a stage when not much transcription
is still going on. In addition, most of the round spermatids underwent apoptosis. Several testis-
specific genes such as MTEST640, 641, and 643, protamine 1 and transition protein (Tpl)
genes were affected, suggesting a role of TBPL1 in the transcriptional regulation of a testis
specific set of genes. In addition, the null mice have spermatids with defects in assembly of
centromeric heterochromatin in chromocenter, suggesting a TBPL1 role in the organization of
spermatid heterochromatin. This phenotype correlates very well with the recent results
obtained using the Drosophila TBPL1 viable mutant [61]. Thus, the decreased TBPLI1
transcription in the mutant flies lead to abnormalities in chromatin condensation preceding the
first meiotic division in both oocytes and mature primary spermatocytes and to other

aberrations in germ cell development.

4. Chromatin Remodeling Activities

4.1. Spermatogenesis

Gene regulatory mechanisms in germ cells differ from those in somatic cells. Male primordial
germ cells (PGCs) differentiate into pluripotent spermatogonia cells, which divide mitotically
and enter spermatogenesis in mice at 5 days post-partum (pp) (Figure 2, [69, 70]). These
progenitor cells undergo a serie of mitoses and around day 10 pp the first wave of
spermatogenic differentiation takes place, giving rise to the primary spermatocytes [70].
Meiosis starts, and after the first division the secondary spermatocytes are produced, which
divide again around day 21 pp resulting in the formation of the first haploid round spermatids.
Then spermiogenesis starts, and the round spermatids undergoing the elongation phase take
the shape of the mature spermatozoa and are released into the lumen of the seminiferous
tubules by day 35 pp. In the spermatids an intense chromatin remodeling process occurs.
Histones are first replaced by the transition proteins (Tpn) in the round spermatids, and
subsequently by protamines (Prm) in the elongating spermatids, a time that coincides with a
stop of transcription and a start of translation (Figure 2, [71]).

After meiosis, spermiogenesis starts with a massive wave of transcriptional activity, when
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many essential postmeiotic genes are activated [72]. Transcription is temporally restricted in
germ cells, but the high levels of basic transcription factors (TBP, TFIIB, Pol II) and the
presence of testis-specific transcription factors (TFIIAt, TAF;55) compensate this fact.
Moreover, many testis-specific genes lack a TATA box, and TBP-related proteins are likely to
be utilized in transcription initiation from the TATA-less promoters during spermatogenesis
[72]. Thus, germ cells present cell-specific transcription initiation complexes to accurately

activate many different gene networks required for proper embryonic development.

Post-meiotic

Mitotic phase Meiosis phase Spermiogenesis
, % 3 00 e
Spermatogonia Pachytene Round Elongated
spermatocyte spermatid spermatid

Protamlnes

Figure 2. Chromatin remodeling in male germ cells development. The spermatogonia divide mitotically and
generate the primary spermatocytes which enter meiosis. Next, the round spermatids enter the spermiogenic
phase. During the last phase of spermiogenesis, the chromatin is highly compacted. The sperm head is totally
reshaped, a process which includes a replacement of most histones with transition proteins, subsequently
replaced by protamines (Adapted from Kimmins and Sassone-Corsi, 2005).

4.2. Polycomb Group Proteins

One mechanism to maintain the repression of genes functions through the products of the
Polycomb group (PcG) of genes which modify the histone proteins around which the DNA is
wrapped, blocking the access of the transcription factors.

Polycomb group proteins are known for their role in maintenance of the homeotic gene
repression [73, 74]. In vitro, purified polycomb complexes inhibit the action of the SWI/SNF
complex on a nucleosome array, suggesting that polycombs silencing might block the access
of transcription factors by preventing the nucleosome remodeling [74, 75]. Biochemical and
genetic characterization of Polycomb group proteins revealed 15 proteins that exist in distinct
complexes. The Polycomb Repressive Complex 1 (PRCI1) contains four core proteins in
Drosophila, namely polycomb (PC), polyhomeotic (PH), posterior sex combs (PSC), and
dRINGT1 [74, 75]. The PRC2 complex is a histone methyltransferase complex, which adds a
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methyl histone H3 mark necessary for the subsequent recruitment of the PRC1 complex [76-
78]. The human PRC1-like complex (PRCI1L) establishes a new covalent modification, mono-
ubiquitination of histone H2A necessary for the gene silencing [79].

Recent studies show that not only Hox genes expression is regulated by PcG, but many other
mammalian genes are repressed to maintain pluripotency in the embryonic stem cells by PcG
[80, 81]. Another study shows that genes repressed during cell differentiation are already
bound by the PcG proteins in non-differentiated cells, despite being actively transcribed [82].
The mechanisms for gene silencing promoted by PcG proteins are complex, and may interfere
with specific functions of the transcriptional machinery other than generally preventing the
access of transcription factors by covalently modifying the histone chromatin. Thus, PcG
complexes interact with the promoter factors such as TBP and TAFs on repressed gene
promoters [83, 84]. Along the same line of evidence, polycombs does not prevent the binding
of TBP, RNA polymerase, or HSF to the 4sp26 promoter, but interfere in some early steps of
transcriptional initiation, affecting directly and specifically the ability of RNA polymerase to

form the initiation complex [85].

4.3. Geminin

Luo et al. identified geminin protein as a new member of the PRC1 complex, its transient
association with PcG complex being dependent on the cell cycle phases (Figure 3A, [86, 87]).
Thus, geminin was found to repress Hox proteins function during embryogenesis by direct
association with Polycomb members on Hox regulatory chromatin elements and by impairing
Hox gene action on their target genes through a direct binding to the homeodomain of Hox
proteins [87]. In a similar way, geminin directly interacts and antagonizes the role of another
homeobox protein, Six3 [88].

Geminin plays an important role in the cell cycle preventing DNA re-replication after the
DNA replication was initiated by sequestering Cdtl, one of the key licensing factors [89, 90].
The interaction of geminin with Hox and Six proteins directly competes with geminin-Cdt1
interaction (Figure 3B, [86]). This finding presents geminin as a protein with dual functions,
which connects embryonic development and cell division.

Except for its role on preventing DNA replication during the same cell cycle, geminin was
found to prevent centrosome duplication, regulating multiple steps of the chromosome

inheritance cycle [91].
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Figure 3. Geminin functions. (A) Geminin associates transiently with Polycomb proteins and functions as
polycomb-like factor [87]. (B) Schematic representation of the equilibrium between geminin in proliferation and
in differentiation. The Cdtl-geminin complex can be converted into a Hox/Six3—geminin complex depending on
the availability of free ligands (adapted from Pitulescu et al, 2005, [87, 88]). (C) SWI/SNF mediates the
transactivation of proneural target genes Ngn and NeuroD. Geminin recruits Brgl catalytic unit of SWI/SNF
complex and suppresses neuronal differentiation by preventing proneural gene transcription [92].

Geminin is multifunctional, being a protein initially isolated in Xenopus in an expression-
cloning screen where was proposed to play a role in neural domain specification during early
embryogenesis [93]. Recently, the same group showed that unlike the neural inducing
function in early development, geminin prevents neuronal differentiation later in
development. This occurs by sequestering Brgl, the catalytic subunit of SWI/SNF complex,
and thus prohibiting a transcriptional activator effect of pro-neural basic helix-loop-helix
(bHLH) transcription factors neurogenin 2 (Ngn2) and NeuroD on their neuron-specific target
genes (Figure 3C, [92]). Geminin has an additional role in neurogenesis, through its

association with AP4 repressing the expression of neuron-specific genes in non-neuronal

cells, thus preventing precocious expression of target gene in fetal brain [94]. Thus, geminin
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functions on multiple levels, connecting cell proliferation with embryonic development.

Geminin is a multifunctional protein with different biochemical roles in transcription gene
regulation, DNA replication, centrosome duplication and chromosome segregation. Therefore,
is possible to understand the dual life of geminin as regulator of cell proliferation and
differentiation. However, it was already found that its activities are strongly related to the cell
type, cell cycle phases, its cellular dosage and binding proteins. Therefore, as many details we
know concerning its interaction with other players, the complexes to which it takes part, and
the processes in which it is involved, the more we can understand how it can connect and

balance different pathways.

5. Aim of the Thesis

A previously unidentified mouse protein, TIPT, was defined as geminin interacting partner in
a yeast two-hybrid screen. Therefore, the aim of this work was the biochemical
characterization of this completely novel protein. This implies the study of cellular and
subcellular localization of the protein, the identification of interacting partners, and the
investigation of TIPT functional role in relation to multifaceted regulator geminin and to the

binding partners newly identified.
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Results

1. TIPT DNA, RNA and Protein

1.1. TIPT Identification in a Yeast Two-Hybrid Screen

The full-length TIPT ¢cDNA was isolated by Lingfei Luo in a yeast two-hybrid screen of a day
8.5 mouse embryo cDNA library for identifying geminin interacting partners (Figure 4, [87]).
Eight yeast clones were positives and encoded parts of the homeodomain proteins Hoxd10
and Hoxall, the polycomb factor Scmhl protein (homologous to the “Sex comb on midleg”
Drosophila protein), and a completely uncharacterized protein, designated TIPT (see below)

(Figure 4).

HoxA11

HoxD10
&2 |TIPT
HoxA11 @9 ) ScmhA
HoxD10
HoxD10 HoxA11

Figure 4. TIPT identification in a yeast two-hybrid screen. 3-galactosidase activity was assayed for the all eight
cDNA clones found as positives for geminin binding in the first round of screen [87].

1.2. TIPT is Conserved in Mammalian Vertebrates

The novel clone identified in the two-hybrid screen was sequenced, and a poly(A)" tailed
cDNA of 715 base pairs (bp) length was obtained. The cDNA clone was analyzed using the
NCBI Blast platform for sequence homology. The clone contained a full-length Riken cDNA
identified in the NCBI database under NM 029485 accession number. Initially the cDNA
encoded an unknown product, and only recently, a data base entry identified it as coding for
TIPT isoform 2 protein (TATA binding protein-like factor-interacting protein) (GI:56553512,
submitted by Brancorsini, S., and Sassone-Corsi, P.) (Figure 5A). The murine gene found
under the 5133400G04Rik name with additional aliases AU016220, 2700012K08Rik, and
4930583E11Rik is localized on mouse chromosome 18, cytogenetic band B3.

The full open reading frame (ORF) of mouse TIPT isoform 2 contains 618 bp and spans 5497

bp in the genome (Figure 5A). By comparison of its cDNA and mouse genomic sequences
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available in the electronic databases (NCBI, Celera, ENSEMBL) the exon-intron structure of

the gene was determined (Figure 5B).

A

ORF 20 40 60 80
| | | |
TIPT 2 isoform GGGGGCAAAAG CGACGCCCCTTGGGTGGTCGCAGGGGGGCTCTGGATCAGTGTGTCTCGCCTTCGATCAACTGCGG

100 120 140 160

| I | |
TIPT 2isoform GACGTGATTGAATCTCAGGAGGAACTTATCCACCAGCTGAGGAATGTGATGGTTCTCCAGGATGAGAATTTTGTCAGTAA

180 200 220 240

| 1 | |
TIPT 2isoform AGAAGAATTCCATGAAATAGAGAAGAAACTGGTGGAGGAGAAAGCTGCTCATGCCAAAACCAAAGCCCTCCTGGCCAAGG

260 280 300 320

| | | |
TIPT 2isoform AAGAAGAGAAGTTACAGTTTGCTCTGGGAGAGGTGGAGGTGCTGTCCAAGCAGCTGGAGAAAGAGAAGATGGCCTTTGAA

340 360 380 400

| 1 | |
TIPT 2 isoform  AAAGCGCTCTCCAGTGTCAAGAGCAGAGTCCTGCAGGAGTCCAGCAAGAAGGACCAGCTCATCACCAAGTGCAATGAAAT

420 440 460 480

| | | |
TIPT 2 isoform TGAATCCCACATTATAAAGCAAGAAGATATACTTAATGGCAAAGAGAATGAGATTAAAGAGTTGCAGCAGGTTATCAGCC

500 520 540 560

| 1 | |
TIPT 2 isoform  AGCAGAAACAGAATTTCAGGAATCACATATCTGACTTTCGGATCCAAAAGCAGCAGGAGACCTACATGGCCCAGGTGCTG

580 600 620 640

| | | |
TIPT 2 isoform GATCAGAAGCGTAAGAAAGCCACAGGAATGCGTCGGGCCCGTAGCCGTCAGTGT TCCAGGGAGAAAC TGCTGGTTA

660 680 700 720

| | | |
TIPT 2isoform TCTTCCTGTTCTCTAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAACCAAAAAAAAAA

TIPT 2isoform AAAAAAAAAAAAAAAAAAA

ATG TAA
| |
| |
: :
9 2 3 4 5 ¢

1 5497

116 69\ 130}/ 70 102\/129

1155 218 91 3232 105

Figure 5. TIPT cDNA and genomic sequences. (A) Nucleotide sequence of mouse TIPT isoform 2 full-length
cDNA (Accession number NM 029485, NCBI database). The ORF, between the start and stop codon, is
highlighted in blue. (B) Schematic representation of the exon-intron structure of mouse 7I/PT gene. Boxes
indicate the positions of the exons in the gene. Blue numbers above the boxes indicate the exon number, and the
ones below represent the size of the exons in bp. The red line represents the intronic sequence and the red
numbers indicate the size of the introns. The start codon (ATG) is positioned in the first exon, and the stop codon
(TAA) in the last exon.

To find all the TIPT orthologs BLASTP function from the NCBI database was used. The
alignment of mouse and human TIPT isoform sequences is presented in figure 6 and was
realized using the CLC protein Workbench software. The amino acid sequence comparison of
mouse TIPT and its orthologs revealed a high degree of conservation across mammalian
species. No orthologs were found in other eukaryotes, with one exception for

Strongylocentrous purpuratus where the percent identity was fairly low (Table 1).
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TIPT protein does not have high similarities with any other known protein, and no conserved
domain was found. Using different prediction softwares from ExPASy database
(http://www.expasy.ch) three coiled-coil domains (amino acids 19-39; 74-112; 134-161)
known to be protein-protein interaction domains were detected for the murine TIPT isoform 2

protein.
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Homo sapiens (AAH50563)
Homo sapiens (XP_939065)
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Consensus

60
60
60
34
60
60
60
60
60
60

Mus musculus (AAHE0850)
Mus musculus (AAVE7890) B
Mus musculus (NP_082009)
Mus musculus (BAB30197)
Homo sapiens (BAC05400)
Homo sapiens (XP_114430)
Homo sapiens (XP_945838)
Homo sapiens (AAH50563)
Homo sapiens (XP_939065)
Homo sapiens (XP_949860) §i
Consensus

140 160 180
|

| |
BNE I ESHI IKQED I LNEKENE | KELQQV | SQQNQNFR - B NH 165
F 161

Mus musculus (AAHE0950) BB
Mus musculus (AAVE7820) BIEE

Mus musculus (NP_082009) BEN GRREARAAPQVN IHELFTN- - - - - SPMTVPRAGLYP F 161
Mus musculus (BAB30197) BN GRREARAAPQVN IHBLFTN- - - - - SPMTVPRAGLYP F 135
Homo sapiens (BAC05400) BEN EIESHI IKQEDI LNBKENEIKELQQV I SQQKQIFSP S 180
Homo sapiens (XP_114430) BEE EIESHI IKQED I LNBKENEIKELQQV ISQQKQ | FR - H 165
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Figure 6. Sequence comparison of mouse and human TIPT isoforms. The amino acids are presented on a
background colour, which varies in a gradient from red (the most conserved residues) to light blue (less
conserved residues) and dark blue (unconserved residues). In the left side are indicated the species and the
accession numbers and on the right side, the amino acids number. The consensus sequence is depicted below the
alignment.
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Specie NCBI protein name NCBI accession No. of AA residue
number
TIPT isoform 2 AAH60950 205
Mus musculus TIPT isoform 1 AAV97890 185
unnamed protein BAB30197 159
TIPT isoform 2 isoform 1 XP_ 114430 205
hypothetical protein LOC202051 AAHS50563 188
Homo sapiens
TIPT isoform 1 isoform 2 XP_939065 188
unnamed protein BACO05400 293
Rattus norvegicus similar to TIPT XP 214584 362
Macaca fascicularis unnamed protein BAE00938 205
TIPT isoform 2 isoform 1 XP_001083280 205
Macaca mulatta
TIPT isoform 1 isoform 2 XP_001083410 188
TIPT isoform 2 isoform 2 XP_848310 205
Canis familiaris
TIPT isoform 1 isoform 3 XP_855732 188
TIPT isoform 2 isoform 1 XP_ 582494 205
TIPT isoform 2 isoform 2 XP_874082 261
Bos taurus TIPT isoform 1 isoform 5 XP_ 887261 218
TIPT isoform 1 isoform 4 XP_887249 188
TIPT isoform 1 isoform 3 XP_887237 154
Strongylocentrotus G to TIPT XP_782021 159
purpuratus -

Table 1. TIPT orthologs. The BLASTP search for homologs in other species was done using TIPT mouse
protein as query. In the first column are indicated the species in which TIPT proteins were identified. All the
NCBI accession numbers for different protein isoform identified are shown in the second column, as well as their
names found in the database in the third column. In bold is indicated the accession number of TIPT isoform 2.
The last column presents the length in amino acids of each protein identified.

1.3. TIPT RNA and Protein Expression

1.3.1. TIPT RNA Expression

In order to characterize TIPT expression, several methods were used: RT-PCR, Northern blot,
whole-mount in situ analysis, immunoanalysis on cells and tissue sections.

The temporal expression pattern of TIPT was analyzed by a two-step RT-PCR technique in
comparison with the expression of GAPDH housekeeping gene (Figure 7A). Embryonic RNA
was extracted from day 7.5 to 11.5 mouse embryos, dissecting the embryos in three parts,
anterior (above first the branchial arch), medial (between the first branchial arch and the
hindlimbs), and posterior (the rest). TIPT was found in all the embryonic stages analyzed and

it showed anterior, medial and posterior distribution.
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To assess TIPT gene expression across tissues, an adult mouse Northern blot was hybridized

with a TIPT probe. The result confirmed the expected size of TIPT isoform 2 transcript and

the unrestricted expression pattern (Figure 7B). TIPT expression was present in adult all

tissues, less abundant in liver and highly expressed in testis.

Figure 7. TIPT expression in mouse. (A)
Temporal curve of TIPT expression. a-
anterior region, m-middle region, p-
posterior region. (B) TIPT adult tissues
and E14-embryo expression. (C-D) TIPT
expression in mouse embryos on day 9.5
and 11.5. (E-F) Geminin expression in
mouse embryos on day 9.5 and 11.5. Red
arrowheads-frontonasal prominence;
black arrowhead-branchial arch; white
arrowheads-fore- and hindlimbs;

£ o E a o E a
N S0 v Y Y w
I I e BT S e e S .
N T W B R
W ow wwwwwwwww
i G ss sa sa @ en e @M TIPT
“oae® assee cAPDH
c > @
) 5 0
t c o 3 Cq—C‘DEQE‘
s © 5 © c > 9 O
O = > QO = T >
c 0= o X w3 £ Q& 5
i . oa W
E 9.5
|_
o
|_
£
£
S
(0]
O

Whole-mount in situ analysis was performed on different embryonic mouse stages. In day 8.5

mouse embryos TIPT expression is low and ubiquitous (data not shown). It increases and

becomes more restricted in day 9.5 with a stronger detection of the transcript in the first

branchial arch, frontonasal prominence, forelimb buds and extraembryonic tisssues (Figure
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7C). In day 11.5 mouse embryos TIPT expression in restricted to the nasal process, branchial
arches, in the fore- and hindlimbs (Figure 7D). TIPT expression resembles to a degree the
geminin expression pattern in day 9.5 and 11.5 mouse embryos (Figure 7E, F).

Taken together, the embryonal and adult TIPT analyses at the RNA level indicate a

widespread expression.

1.3.2. Anti-TIPT Antibodies

For further descriptive and functional analysis of TIPT at cellular and subcellular level a
polyclonal antibody was created. Full-length TIPT was cloned into pGEX-KT vector which
contains a GST tag downstream of the Thrombin cleavage site, and into pET-15b vector
provided with a His tag. Four E. coli cell strains were used as hosts for the expression of
tagged TIPT mouse proteins: BL21(DE3), BL21(DE3)C41, BL21(DE3)CodonPlus-RIL and
XLBlue-1. An expression screening aiming to characterize the best cell strain for TIPT
protein production was performed. Optimal conditions for GST-tagged protein production
expression and solubility were achieved using BL21(DE3)CodonPlus-RIL bacterial strain,
inducing protein expression at 17°C with 0.2mM IPTG, and growing the cells overnight. The
His-tagged protein could not be overexpressed under conditions tested. GST-TIPT protein
was purified using affinity tag column chromatography (Figure 8A). The tag was removed by
cleavage with Thrombin, and the untagged protein was subjected to purification by electro-
elution from SDS-PAGE gel and sent for rabbit immunization to a commercial producer.

The serum was affinity purified and tested by Western blot against the pure TIPT proteins
tagged and untagged (Figure 8B). The antibodies recognized the recombinant GST-TIPT
protein as well as the protein used for rabbit immunization. This protein was the untagged
version, which was purified and controlled for the right amino acid sequence by mass
spectrometry analysis. Still, the antibodies recognized an additional upper band, which
suggested that the protein formed dimer during storage. The antibodies were tested also
against cell extracts (Figure 8C). The predicted TIPT molecular weight is 23,6700 Da
however, TIPT migrates slightly slower than expected, around 28,500 Da. In addition, a
second band was frequently detected at the double size, corresponding to a dimer size,
identical to the band observed on untagged TIPT protein. Dimer formation could not be
avoided using freshly added DTT, cooking the samples at 70°C for 20 minutes, or boiling
them for 10 minutes. However, if the extract was freshly prepared and immediately subjected

to analysis, dimerization could be prevented. The specificity of the antibodies was tested in a
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competition assay, incubating the blot membrane with ten fold excess of pure recombinant
protein and antibodies. The outcome was a completely blank blot, demonstrating the high
specificity of TIPT antibodies (data not shown).

The antigen was detected in both cytoplasmic and nuclear HeLa cell extract (Figure 8C). In
order to find out in which cellular compartment antibodies identify TIPT, a protease
protection assay using HeLa cell extracts was performed (Figure 8D). TIPT was detected in
the 3,000 g pellet representing the nuclear fraction and the non-disrupted cells. The
supernatant was divided in two and treated in parallel with trypsin or trypsin inhibitor. Both
samples were spun down at 100,000 g, and the supernatants and pellets were analyzed by
Western blotting. TIPT was found only in the protease inhibitor (PI) treated sample, both in
the supernatant and pellet, which demonstrates its cytoplasmic localization as soluble form

and attached to the membrane, but not integrated into the membrane.
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Figure 8. TIPT antibodies characterization. (A). Purification of GST recombinant full length mouse TIPT by
glutathione sepharose affinity purification. Recombinant GST-TIPT protein has 48 kDa and more than 90%
purity according to the Coomassie blue staining. Lane Mk contained molecular size markers (Bio-Rad; indicated
in kilodaltons on the left). (B) Purified antibodies recognize GST-TIPT E.coli purified protein and the protein
subjected for immunization. Lane Mk contained chemiluminescent molecular size markers (Invitrogen; indicated
in kilodaltons on the left). (C) Antibodies detect two bands in cytoplasmic and nuclear HeLa extracts frozen and
taught (monomer and dimer TIPT). (D) Protease protection assay. TIPT is present in nuclear fraction (3,000 g
pellet). Cytoplasmic TIPT was found in soluble and membrane attached forms. Pellet fraction was loaded 10 fold
more in comparison to the supernatant fraction. Abbreviations: E, elution; C, cytoplasmic; Mk, marker; N,
nuclear; P, pellet; PI, proteinase inhibitor; S, supernatant.

1.3.3. TIPT Phosphorylation

In order to find whether TIPT can be posttranslational modified by phosphorylation,
NetPhos2.0 (http://www.cbs.dtu.dk/services/NetPhos/), the software for phosphorylation

prediction sites was used. Nine serine phosphorylation sites were found, with a prediction
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score higher than 0.9 for eight of them (Ser 28, 49, 106, 107, 116, 117, 197, 201), and one
with a score above 0.5 (Ser 110) (Figure 9A). Using another Phospho.ELM database
(http://phospho.elm.eu.org), the kinase phosphorylation recognition sites were predicted:
casein kinase II (CKII) phosphorylation sites- amino acids 28-31; casein kinase I (CKI)
phosphorylation sites- residues 107-110; glycogen synthase kinase 3 (GSK3) phosphorylation
sites- amino acids 6-12 and 195-201; protein kinase B (PKB) phosphorylation sites- residues
196-202.

In order to identify if TIPT is phosphorylated in vivo, an immunoprecipitation assay was
performed, aiming for the MALDI peptide mass fingerprint analysis of precipitated TIPT. The
anti-TIPT rabbit polyclonal antibodies could not immunoprecipitate TIPT from HeLa, U20S
and 3T3 total cell extracts or fractionated nuclear and cytoplasmic extracts. Therefore, the
immunoprecipitation was performed from total cell extract overexpressing HA tagged TIPT
using tag antibodies. In parallel with a Western blot analysis realized in order to check
whether the immunoprecipitation was successful, a gel was silver stained and analyzed by
mass spectrometry. The analysis re-confirmed that TIPT was successfully precipitated by HA
antibodies, and led to the identification of a peptide phosphorylated at Ser 28:
DVIESQEELIHQLR (data not shown). This site is predicted to be a casein-kinase II target.
To confirm that CKII phosphorylates TIPT an in vitro CKII phosphorylation assay was
performed. The gel stained with Coomassie blue to confirm the equal loading of product
reactions was further exposed to a film. CKII transfers y-ATP-[*’P] in a dose dependent
manner to GST-TIPT, but not to GST alone (Figure 9B).

In order to find in which cellular compartment the phosphorylated form of TIPT predominates
a more in vivo assay was performed, treating the cells with phosphatase or phospho-kinase
inhibitors. Okadaic acid, a Ser/Thr phosphatase inhibitor, was used to inhibit de-
phosphorylation. After a short treatment (6 hours) U20S cells were almost normal (Figure
9C), but upon a longer treatment (24 hours) the TIPT subcellular localization was changed:
the protein disappeared almost completely from nucleoli and was redistributed in cytoplasm,
and accumulated in dot-like structures (Figure 9D).

DRB, 5,6-dichloro-1-beta-D-ribofuranosylbenzimidazole, is an adenosine analogue that
inhibits casein kinase II [95]. Human U20S and HeLa cells were treated with 50 ug/ml DRB
during a period of 15 min or 1h, but almost no change was observed in comparison with the
control (data not shown, Figure 9E). Increasing the level by a factor of 100 for 15 min

changed drastically TIPT localization, increasing the amount of nucleolar fraction with a
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decrease in the cytoplasmic localization (Figure 9F). Altogether, these data prove that TIPT
protein is phosphorylated by CKII at least on one serine site. The inhibition of
dephosphorylation directs more TIPT into the cytoplasm, and on the contrary, the inhibition of
phosphorylation localizes more TIPT into the nucleolus. Thus, TIPT localization is dependent

on posttranslational phosphorylation.
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Figure 9. TIPT is phosphorylated. (A) Phsosphorylation predicted sites using NetPhos2.0 software. Mouse TIPT
2 isoform (205 amino acids) is depicted with coiled-coil domains and binding site for geminin (see section 2.1).
(B) Casein kinase II phosphorylates TIPT in an in vitro binding assay. 1-100 unit CKII transfers 20 mCi [**P]-y-
ATP on 2 pug GST-TIPT recombinant protein, but not on 2ug of GST. Elutions were separated on SDS-PAGE
gel stained with Coomassie blue and exposed to an X-ray film. (C-D) Okadaic acid inhibits de-phosphorylation.
10 nM Okadaic acid applied for 24 h changes TIPT localization in U20S cells. (E-F) DRB inhibits CKII. 5 nM
DRB applied for 15 min determines nucleolar recruitment of TIPT in U20S cells.

22



Results

1.3.4. TIPT Expression in Embryonic Brain and Neurons

In order to analyze whether TIPT has a restricted expression pattern in brain, day 16.5 mouse
embryo were subjected to immunohistochemistry. TIPT protein was found in the proliferative
neuroepithelium, the mitral cell layer, and external plexiform layer of the olfactory bulb, as
well as in the frontal orbital cortex (Figure 10A, B). In cortex, TIPT is abundant in the entire
cortical plate, in the subplate, in the ventricular (VZ) and in subventricular zone, but not in the
intermediate zone (Figure 10C, D). In the VZ, TIPT was detected in the basal (abventricular)
progenitors, which divide symmetrically and give rise to neuronal lineage (Figure 10D). By
contrary, TIPT was not found in the asymmetrically dividing multipotent radial glial cells
located at the ventricular surface. Hippocampal TIPT expression is restricted to the dentate
gyrus (Figure 10E, F). In the diencephalon, TIPT localizes to the dorsal thalamus, in lateral
habenula, as well as in a very defined population of cells, reticular thalamic nucleus (Figure
10G, H). In telencephalon TIPT is very strongly expressed in basal ganglia, confined to
globus pallidus, caudate putamen and amygdala (Figure 10I-L). Moreover, TIPT is localized
in pontine nuclei of pons, and in the external germinative layer of cerebellum (data not
shown).

To study the expression of TIPT at cellular level neurons were differentiated from mouse
embryonic stem cells (ES) and a double labeling with neuronal tubulin marker (Tujl) was
performed. TIPT was detected in the nucleoli, not only in differentiated neurons but also in
the supporting fibroblasts used as feeder layer (Figure 11A-C). In order to further analyze
TIPT expression in neurons, a hippocampal neuronal culture was prepared from newborn rats,
followed by double co-immunostaining with a synaptic vesicle protein marker (synaptotagmin
I) (Figure 11D-F). TIPT is present only in neurons while it does not appear to be expressed in
supporting astrocytes. As indicated from analysis of mouse brains and ES cell derived
neurons, also in hippocampal rat neurons TIPT was found in the neuronal cell body. However,
TIPT is not enriched in nucleoli, is rather found diffuse in the nucleoplasm and at the
nucleolar periphery (Figure 11G). TIPT antibodies also stain very strongly the neuronal
processes (Figure 11G-I). When compared to the synaptic vesicle pattern, TIPT appears to
follow the axons in a filamentous pattern, and does not enrich substantially in synaptic
buttons.

These data indicate that TIPT expression is confined to proliferating precursor cell

populations and in regions where neurons are maturing. At the cellular level, analysis of
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mouse brains, ES cell derived mouse neurons and hippocampal rat neurons indicate TIPT

expression not only in neuronal cell body but also in neuronal processes.

Figure 10. TIPT expression in brain day 16.5 mouse embryo. (A-C) TIPT expression in rostral cortex
(crossections). (D) TIPT expression in basal layer of VZ and SVZ (sagital section). (E-F) TIPT expression in
dentate gyrus (cross and sagital section). (G-H) TIPT expression in thalamus (sagital section). (I-L) TIPT
expression in basal ganglia on sagital sections. Abbreviations: AA, amygdala; CP, cortical plate; CPu, caudate
putamen; DG, dentate gyrus; DT, dorsal thalamus; FrOCx, frontal orbital cortex; GP, globus pallidum; IZ,
intermediate zone; LH, lateral habenula; MCL, mitral cell layer; OV, olfactory ventricle; PLCh, plexus choroids;
RT, reticular nucleus; SVZ, subventricular zone; VZ, ventricular zone.
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Figure 11. TIPT expression in mouse differentiated neurons and rat hippocampal neuronal culture. (A-C)
Immunohistochemistry of ES cell derived neurons. TIPT and Tujl expression. (D-I) Immunohistochemistry of
rat hippocampal neuronal culture. (D-F) TIPT co-localization with Synaptotagmin I. (G) TIPT expression in
neuronal cell body. (H-I) TIPT expression in neuronal processes. Enlarged view presented in I. Abbreviations:
Tujl, tubulin; Syt I, synaptotagmin I; merge, co-localization.

1.3.5. TIPT Expression in Testis

TIPT expression in adult testis relative to other tissues is explicitly high, therefore a detailed
analysis of TIPT during male germ cell development was performed.

For this study testes derived from wild-type mice in different developmental stages, and from
mutant mice with well-defined arrest in germ cell differentiation were used. Total testicular
RNAs from mice of different postnatal developmental stages, namely 7, 11, 15, 19, 21, 23, 25,
30 days old and adult were prepared. Except for TIPT isoform 1 and 2, also geminin, AF10
and TBPL1 were included in analysis. The latter are expressed in high levels during testes
development, and were further included in the biochemical characterization of TIPT function
(see below).

TIPT-1 isoform follows an expression dynamics with a start at day 21 pp, increases at day 23
pp and then decreases, but does not disappear completely in day 25 and 30 pp, to be also
highly expressed in adult (Figure 12A). This correlates with the appearance of the first
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spermatids and indicates the presence of TIPT-1 isoform in all haploid spermatids. TIPT-2
RNA is almost undetectable at day 21 pp, becomes higher at day 23 pp, and disappears at day
25 pp to be present again in adult testis. This pattern suggests that TIPT-2 transcript is
expressed in early haploid spermatids, but not in late spermatids (Figure 12A). A similar RNA
expression pattern was obtained for geminin, AF10 and TBPL1 (Figure 12A).

For an analysis of TIPT protein expression during development, total testicular protein
extracts from different postnatal mouse stages, namely 15, 19, 21, 23, 25 days old and adult
were prepared. The Western blot was performed using TIPT and Vimentin antibodies as
loading control (Figure 12B). A protein band, which runs at 25 kDa, corresponding probably
to TIPT-1 (predicted size 20.8 kDa), was detected in mouse testis 23, 25 days pp and adult
(Figure 12B). The protein band corresponding to TIPT-2 was detectable only after a much
longer exposure, and followed the TIPT-1 profile. These data suggest that TIPT-1 is the

predominating isoform in testis, and the translation starts 2 days later than its transcription.
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Figure 12. Expression of TIPT 1 and 2 isoforms, geminin, AF10 and TBPL1 in male germ cells. (A) RNA from
different mouse testis developmental stages was reverse-transcribed and TIPT-1, TIPT-2, geminin, AF10 and
TBPL1 expression was determined. (B) TIPT protein expression during development. (C) RNA from mouse
mutants arrested at different developmental stages was reverse-transcribed to amplify TIPT isoforms, geminin,
AF10 and TBPLI. (D) TIPT protein expression in testis extracts from mouse mutants. Abbreviations: A, adult;
Ley, Leyl-/- mutants; olt, olt/olt mice mutants; qk, gk/qk mice; Tfm, Tfin/y mice mutants; TP2, Tpn2-/- null mice,
TP2t, Tpn2 CAT transgenic mice; w/w, w/w" mutants; -, negative control, ddH,O.

RT-PCRs were performed using testis from different mouse mutants with well-known arrest

of germ cell differentiation [96]. The mutant mice used were: W/W’, Tfin/y, Leyl-/-, olt/olt,
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gk/qk, TPn2-/- and Tpn2 transgene. W/W’ mice are characterized by only a few primary
spermatogonia [97]. In Tfm/y (testicular feminization) mutants germ cells arrest as primary
spermatocytes [98, 99]. Leyl-/-(insi3) deficient mice have arrest at secondary spermatocytes
stage [100]. olt/olt (oligotriche) mutants arrest in spermatogenesis at round spermatids. gk/qk
(quaking) mutants arrest at elongating spermatids [98, 99]. Both TIPT isoform transcripts are
present in mutants with germ cells arrest at spermatids level, which correlates with the
developmental expression data (Figure 12C). These results suggest that TIPT-1 and 2 are
expressed in secondary spermatocytes and haploid spermatids.

RT-PCR analysis for TBPL1 transcript follows TIPT expression profile (Figure 12C). This
finding more or less goes along with a very detailed report on TBPL1 stage-specific
expression during spermatogenesis where high levels of TBPL1 transcript were found in
pachytene spermatocytes and lower levels in spermatids [43]. Geminin transcript was detected
in every mutant, with a lower expression in W/’ mutants (Figure 12C). This observation is
partially consistent with a previous work where geminin was found expressed in primary
spermatocytes and some spermatogonia cells [101]. AF10 transcript, like geminin, was
present in all the mutants, with higher expression in gk/qgk and olt/olt (Figure 12C). In a
previous study AF10 was found expressed in postmeiotic germ cells, especially in spermatids
from around stage VI to VIII [102].

To compare TIPT developmental pattern with information obtained from mutants analysis, it
was necessary to check also TIPT protein levels in mutants. Except for the mutants
characterized above, two other mice mutants for transition protein 2 gene (7np2) were
examined: Tnp2-/- and Tnp2-CAT transgenic. Tmp2-null mice present abnormal focal
condensations in step 11 spermatids, while in 7np2 transgenic mice a CAT reporter gene is
driven by Tnp2 rat promoter in postmeiotic male germ cells [103]. As in the developmental
blot, a protein band with 25 kDa mobility in gk/qk and olt/olt mutants was observed, doubled
by TIPT-2 protein band after a long exposure, confirming transcriptional profile obtained
from mutants RNA (Figure 12D). In addition, TIPT is increased if TP2 is absent or
overproduced in haploid spermatids.

Taken together, these data indicate that TIPT-1 and 2 constitute a coexpression group together
with TBPL1, AF10 and geminin. In testis, transcriptional start happens 2 days before TIPT
proteins are produced, which is characterized by late spermatocytes and postmeiotic germcells

expression.
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TIPT DAPI Merge

TIPT PGHPx Merge

Figure 13. Immunostaining of TIPT on mouse testis cryosections, cell suspension and spermatozoa smear. (A-F)
TIPT immunostaining on adult mouse testis cryosections. (A, D) TIPT expression in spermatocytes, round
spermatids and elongating spermatids, but not in spermatogonia. (B, E) DNA staining of seminiferous tubules
with DAPI. (C, F) TIPT co-localization with DAPI staining. (G-I) TIPT immunostaining on adult testis cell
suspension. (G) TIPT expression in spermatids and some spermatocytes. (H) DNA staining with DAPI. (I) TIPT
immunostaining and DAPI overlay. (J-L) Co-localization of PHGPx and TIPT in the midpiece of mouse
spermatozoa. (J) TIPT staining of midpiece tail and head sperm. (K) PGHPx stains midpiece tail sperm. (L)
TIPT and PGHPx immunostainings overlay. Symbols: white arrow, no TIPT staining; white arrowhead, round
spermatids staining; yellow arrow, TIPT spermatocytes staining; red arrow, TIPT tail’s midpiece staining of
elongating spermatids.

Immunostaining on cryosections or cellular suspensions from adult testis detected TIPT not in
all cell types. No TIPT expression occurred in spermatogonia (Figure 13A-C). Different

stages of seminiferous tubules were stained, and TIPT was detected in cytoplasm of round

spermatids and in some spermatocytes (Figure 13A-I). In addition TIPT was found in the
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midpiece of elongated spermatids (Figure 13D). To confirm this finding, a spermatozoa smear
was prepared from epididymal mouse sperm, followed by co-staining with phospholipid
hydroperoxide glutathione peroxidase (PHGPx), a spermatozoa midpiece marker (Figure 13J-
L). While the co-localization with this marker reports TIPT presence in midpiece, a week
staining was also observed in spermatozoa head.

These findings reveal TIPT localization in late meiotic and postmeiotic germ cells, as well in

the midpiece of elongating spermatids and spermatozoa.

1.3.6. TIPT Subcellular Expression

To analyze systematically the subcellular localization of TIPT different cell lines were used:
mouse embryonic stem cells, SNL and NIH 3T3 mouse fibroblasts cells, Cos-7 monkey cells,
RD rabdomyosarcoma rat cells, HeLa cervical cancer human cells and U20S human
osteosarcoma cells. In all of these TIPT was localized in cytoplasm, and additionally in some
nuclear structures suggesting nucleolar localization (Figure 14A, D, G, J and data not shown).
To confirm the nucleolar staining, co-localization with TBPL1 was investigated, a protein
previously identified in the nucleolus [65]. Both of TIPT and TBPL1 antibodies clearly label
the same subcellular structures, demonstrating that they correspond to nucleoli (Figure 14B,
E, H).

TIPT expression does not change during the cell cycle, being detected in all the cells of an
asynchronous population. A more careful look on the cellular distribution, revealed a dot-like
structure localized in the cytoplasm, in human and mouse cell lines. The number of these
structures varied from 1-2 in the majority of mouse and human cells analyzed, to a higher
number of structures in a small percent of human malignant cells. Such structures may
correspond to centrosomes, cytoplasmic structures whose distribution and number is related to
the cell cycle phases: a single centrosome in G1 phase, a doublet during S and G2 phase, and
as well doublet, but separated to the spindle poles during subsequent mitotic stages,
promethaphase, methaphase, and anaphase. To test this, the cells were double-labeled with
anti-TIPT and anti-y-tubulin antibodies (Figure 14J-O). y-tubulin binds microtubule minus
ends and is responsible for mediating the link between microtubules and the centrosome,
functioning as the microtubule organizing centre [104, 105]. The cells in the cell cycle phases
were examined, and TIPT was found present in centrosomes not only in interphase cells, but

also in all the mitotic cellular phases. As an example, in figure 14M-O TIPT is presented the
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promethaphase centrosomal localization. Moreover, TIPT is not only localized to the spindle

poles, but also on the mitotic spindles (Figure 14M).

TIPT TBPL1

Figure 14. Cytoplasmic, nucleolar and centrosomal localization of TIPT in different cell lines. (A-G) TIPT
nucleolar co-localization with TBPLI in human osteosarcoma cells (A-C), human HeLa cells (D-F), and monkey
Cos-7 cells (G-I). (J-O) TIPT co-staining with y—tubulin in centrosomes of 3T3 mouse fibroblast cells. (J-L)
TIPT co-localizes with y—tubulin in centrosomes of interphase cells. (M-O) TIPT and y—tubulin co-localization
on centrosomes of pro-metaphase cells. In addition, TIPT localizes on mitotic spindle in pro-metaphase cells in
M. Symbols: white arrow, nucleoli; yellow arrow, centrosome.
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2. The TIPT Interactome

In order to find interacting partners for TIPT, several methods and strategies were used

including pull-down assay, yeast two-hybrid screen and co-immunoprecipitation.

2.1. Candidates Testing Approach

2.1.1. Geminin

To ensure that TIPT really interacts directly with geminin, an in vitro binding assay was
employed. The full length geminin sequence was inserted into pSP64 vector which contains
an SP6 promoter and a poly(A)'tail. Geminin protein was synthesized by in vitro
transcription-translation and tested for binding to the pure recombinant GST-TIPT protein,
and pure GST as control. The interaction of geminin with TIPT was confirmed in this assay
(Figure 15A).

To better characterize this interaction, the binding site of geminin on TIPT protein was
delineated. The full-length amino acid sequence of TIPT was subdivided into sixty-three
peptides twenty amino acid-length each, starting with the N-terminus, with 17 amino acids
overlapping between adjacent peptides. The peptides were synthesized and spotted onto a
cellulose membrane by Jerini company. Binding of His-geminin to TIPT revealed a basic
amino acid rich domain, close to the C-terminus of protein (KRKK, amino acids 185-189)
(Figure 9A, 15 B). In order to check that this is the real binding site for geminin, two lysines
were substituted with aspartates (KRKK was mutated to DRDK). The GST-TIPT mutated
protein was overexpressed in E.coli BL21DE3RIL bacterial strain, purified, and the
interaction with in vitro translated geminin was controlled (Figure 15A). Indeed, no
interaction was detected upon mutation of geminin binding site.

In vivo geminin-TIPT direct interaction was checked by immunoprecipitation. The experiment
was performed using geminin polyclonal antibodies and total cell extract from day 8.5 mouse
embryos or human HeLa and U20S cells. However, TIPT protein could not be detected in the
immunoprecipitated sample (data not shown). The next question asked was whether geminin
can be precipitated together with HA-TIPT from HA tagged TIPT transfected cells. Once
more, the result was negative (data not shown). These results suggest that under these

experimental conditions tested geminin and TIPT do not interact in vivo.
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2.1.2. Polycomb Group Proteins

The original two-hybrid screening for identification of geminin binding partners raised the
idea that TIPT might be a component of the Polycomb group complex, like geminin is. Thus,
some members of this complex were tested for TIPT binding, using in vitro pull down binding
assay (Figure 15C). The SAM/SPM domain of Scmhl, the full-length Mph2, RinglB and
Mell8 were cloned into pSP64 vector. In these in vitro binding assays, Scmhl, RinglB and
Mph2 bound significantly to GST-TIPT in comparison to GST alone. In contrary, Mell8
cannot be recorded as TIPT partner because the level of interaction was almost the same as for
GST alone. The finding that TIPT interacts directly with geminin, Scmhl, Ringl B and Mph2
raise the possibility that TIPT belongs to the Polycomb group complex, at least transiently.

Further investigations will be necessary in order to elucidate the significance of this finding.

2.1.3. TATA Binding Protein and TATA Binding Protein-Like Factor

The strikingly similar subcellular localization of TIPT and TBPLI, and the interaction of
TIPT with proteins involved in co-transcriptional regulation, geminin and AF10 (see section
2.2) prompted the investigation of a direct interaction. In addition, a data base entry recently
appeared indicated that 5133400g04 Riken clone corresponds to TIPT isoform 2 (TATA
binding protein-like factor-interacting protein) (see section 1.2). Full-length TBPL1 in vitro
transcribed and translated from pSP64-TBPL1 plasmid interacted strongly with recombinant
GST-TIPT, but not with pure GST (Figure 15C). TBPL1 belongs to the TBP family, therefore
the TIPT interaction with TBP was also investigated. The same result was obtained, indicating
that TIPT interacts in vitro with both TBPL1 and TBP proteins, most probably on a similar
domain (Figure 15C).

In addition, the interaction between TIPT and basic transcription factors was tested in vivo.
Immunoprecipitation was performed using HA antibodies and a total cell extract prepared
from HA-TIPT stable cell line (see section 3.2). An in vivo interaction was impossible to
detect, either checking endogenous TBPL1 or overexpressed GFP-TBPL1 in these cells. This
failure might be explained by the fact that TBPL1 antibodies used could not detect the protein
in the extract by Western blot. In contrary, TBP was found as TIPT interactor in vivo (data not
shown). TFIIA was also tested, but could not be proved any interaction with TIPT (data not

shown).
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Moreover, because geminin is a binding partner of TIPT, its relation with TBP and TBPL1
was explored. Surprisingly, GST-geminin appeared to interact in vitro with both TBP family
members (Figure 15D).

In conclusion, TIPT and geminin interact directly with each other and with basic transcription

factors.
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Figure 15. The interaction partners of TIPT and geminin (Gmnn). (A) In vitro translated geminin interacts with
GST-TIPT, but not with TIPT mutated for geminin binding site or GST. (B) Binding of His-geminin to a TIPT
peptide array. Below, His-geminin bound peptides are listed (number 57-63). Amino acids 185-189 of TIPT
comprise the geminin-binding site (KRKK). (C) Pull-down assays. The interactions of in vitro transcribed and
translated Scmhl1, Mph2, RinglB, Mell8, TBPL1, TBP, and AF10 with GST-TIPT and GST were tested (D)
The interactions of in vitro transcribed and translated TBPL1 and TBP with GST-geminin and GST were tested.
(E) Yeast two-hybrid screen. The induction of the lacZ (blue in X-Gal assay) reporter gene was analyzed for the
control strains A-E, in the self-activation test and for the AF10 clone. The AF10 clone is indicated by 4 different
colonies and each control clone - by 2 different colonies. Control strains C, D, E are moderate, strong and very
strong interactors as revealed by LacZ activity. AF10 clone was found positive, as visualized by X-gal staining in
the second round of screen.
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2.2. Yeast Two-Hybrid Screen

A yeast two-hybrid screening approach was taken to search for the putative TIPT’s interaction
partners during embryogenesis. The full-length TIPT cloned in frame with the Gal4 DNA
binding domain in the pDBLeu vector, was used as bait and transformed into yeast strain
MaV203 containing HIS3 and lacZ reporter genes. 50 mM 3AT was established as
concentration sufficient to determine HIS3 gene expression by even weak interacting proteins
and was enough to inhibit also bait self-activation. The day 8.5 mouse embryo cDNA library
containing the preys, cloned in frame with Gal4 DNA activation domain in pPC86 vector was
used for screening. This cDNA library was heat shocked in the pre-transformed pDBLeu-
TIPT MaV203 yeast strain and 428 independent colonies were selected out from the first
round of screen on plates lacking leucine, tryptophan and histidine, and supplemented with 50
mM 3AT. Next, all these clones were applied to the second round of screen in which f-
galactosidase activity was assayed for every clone. From this step, 88 candidate clones were
identified and sorted according to the X-Gal staining: 51 strong interactors, 27 moderate, and

10 weak interactors.

NZ’;;I::;Of TIPT interactors
1 mAF10 (MI1t10)
2 D/tprp (decidual/ trophoblast prolactin related protein)
1 1600014E20Rik (adult female placenta)
1 Brp441 (brain protein 44-like)
1 Ctla-2a (cytotoxic T lymphocyte-associated protein 2 alpha precursor)
1 Dap-1 (death-associated protein)
1 Bok/Mtd (Bcl-2-related ovarian killer protein/apoptosis activator matador)

Table 2. Outcome of the two-hybrid screening using the full length TIPT fused to the Gal4 DNA binding
domain. The first column indicates the number of identified clones for each gene. The second column indicates
the interesting clones resulted from the second screen.

To analyze all the sequence data the NCBI Blast platform for sequence homology was used.
48 clones coding for desmin were identified and many others encoding proteins related to
cytoskeleton, proteins involved in transport function, mitochondrial, ribosomal and
proteasomal proteins. These clones are probably false positive readouts as suggested by

previous  studies  (http://fccc.edu/research/labs/golemis/Tablel.html, [106]).  The
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retransformation step necessary to confirm the interactions was skipped because only one
interesting candidate from the eight positive clones was further investigated.

The clone that was taken into consideration encodes mouse AF10 (mllt10) protein (Figure
15D). AF10 was previously identified as a frequent fusion partner of MLL and CALM in
human acute leukemias [107, 108]. From the screen a partial cDNA was obtained which starts
at nucleotide 1677 and codes for the last two thirds of the protein, from amino acid 559 to
1068. This C terminal part is the 3’ end of cDNA and carry a poly(A)" tail . The C-terminal
part of AF10 was detected in two other two hybrid-screens performed in order to identify
functional partners for hDOTI1L and SYT [109, 110].

In order to confirm the protein-protein interaction, the full length AF10 clone purchased from
Open-bioscience was cloned into pSP64 vector. Radioactively marked in vitro translated
AF10 protein was tested for binding to the pure recombinant GST-TIPT protein, and pure
GST as control (Figure 15C). The result confirmed the interaction indicated by the yeast two-

hybrid screen system.

2.3. Co-Immunoprecipitation Assay

To find more binding partners for TIPT that could serve as indications for its function, in vivo
pull-down assay was performed. Immunoprecipitation was done using HA antibodies from
cells either transiently or stable transfected with HA tagged-TIPT plasmid. In Table 3 several
candidates which were obtained from mass spectrometry analysis are listed. The output is
constituted mainly from nucleolar and centrosomal proteins, which is in agreement with the
subcellular localization of TIPT. Nucleolin and nucleophosmin are multifunctional proteins,
very abundant in nucleoli, with major role in rRNA processing [111]. Nuclear DNA helicase
IT is a protein localized in nucleolus, with multiple functions in transcription and RNA
transport [112, 113]. Nucleophosmin and Eg5 are proteins with role in centrosomal
duplication [114]. All these findings may constitute starting points for TIPT functional
analysis.

In conclusion, using several approaches many TIPT interactors were obtained. They can be
classified into different categories: transcriptional regulators, chromatin remodellers,
nucleolar and centrosomal proteins. Therefore, several experiments were suggested and assays
for the identification of TIPT function in cell cycle regulation, transcription and rRNA

processing were performed.
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Protein name Numb‘er of Localization
eptides
Kinesin-related protein (Eg5/ Kif11) 5 Centrosome
RNA helicase A (Nuclear DNA helicase II) 2 Nucleolus, nucleoplasm
Nucleolin (C23) 3 Nucleolus, cytosol
NPMI1 (nucleophosmin 1/ B23) 1 Nucleolus, centrososme

GNB2L1 (G protein beta polypeptide 2 like 1/ Nucleus, nuclear envelope, associated with
RACKI1/ receptor of activated kinase 1) polysomes, cytoplasm
Similar to heterogenous nuclear ribonucleoprotein U

isoform b isoform 5 3 In polysomes

Table 3. Mass-spectrometry results of HA-TIPT co-immunoprecipitations. The first column presents the protein
corresponding to peptides found in the immunoprecipitated samples. The second column indicates the number of
identified peptides for each protein. The last column refers to the reported cellular localization of these proteins.

3. TIPT and Cell Cycle

The modulation of geminin, TBP and TBPL1 protein levels in cells changed the length of cell
cycle phases and affected cell proliferation [60, 115, 116]. From previous approaches TIPT
was identified as binding partner of geminin, TBP and TBPLI1, therefore its role on the cell
cycle regulation was investigated. In order to test this, the protein level was modified, either

transiently or stably overexpressing HA-TIPT construct in human osteosarcoma cells.

3.1. Transient Overexpression of HA-TIPT Affects Cell Cycle Phases

The cells were transiently transfected with HA-TIPT overexpression plasmid, or with empty
HA vector, as control. Afterwards, the cells were synchronized with aphidicolin (an inhibitor
of DNA polymerase alpha which blocks replication arresting the cells at G1/S border) for a
period of 18 hours, then released from the block and collected every 2 hours for a period of 12
hours (Figure 16A). The cells were subjected to fluorescent activated cell sorting (FACS)
analysis and the results are shown in Table 4. The normal distribution of human osteosarcoma
cells was: 36% cells in G1, 46% cells in S phase, and 18% in G2 and M phases. Fugene6 did
not affect cell distribution over the cell cycle, but asynchronous cells overexpressing TIPT
had a minor increase in S phase cell population (Table 4). All the DNA histograms collected
were cumulated and three different graphs for cell distribution in different cell cycle phases
were constructed. Control and overxepressing TIPT cells when released from aphidicolin

block had a similar content in G1 population during all 12 hours recorded (Figure 16B, left).
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However, there were significant differences in S and G2/M population (Figure 16B, middle,
respectively right). There are much more cells containing increased amount of TIPT in S
phase at 4 and 6 hours of releasing from the block (Table 4). In addition, there are more
control cells in G2/M phase at 6 hours from block releasing. The differences are considered
significant because the modifications are more than 5% and the results were reproducible.

These findings indicate that TIPT overexpressing cells remain longer in S phase in

comparison to the control cells.

Method Overexpression Gl % S% G2/M%

Nontransfected 36.00 46.13 17.87

Fugene 35.44 47.51 17.05
Asynchron
HA-CMV 39.16 42.18 18.66
HA-TIPT 31.41 48.84 19.74
o HA-CMV 55.30 40.38 432
Aphidicolin Oh
HA-TIPT 62.75 343 2.95
o HA-CMV 58.40 41.96 0.00
Aphidicolin 2h i
HA-TIPT 52.98 47.02 0.00
o HA-CMV 20.41 79.2 0.40
Aphidicolin 4h .
HA-TIPT 11.56 88.44 0.00
o HA-CMV 1.96 63.47 34.57
Aphidicolin 6h i
HA-TIPT 0 98.27 1.73
o HA-CMV 10.41 37.74 51.85
Aphidicolin 8h
HA-TIPT 7.02 35.54 57.04
o HA-CMV 16.28 29.74 53.98
Aphidicolin 10h i
HA-TIPT 10.46 27.16 62.38
o HA-CMV 19.64 24.66 55.70
Aphidicolin 12h i
HA-TIPT 17.07 24.73 58.19

Table 4. FACS analysis of U20S transfected cells asynchronized or synchronized with aphidicolin. First column
indicates which sort of cells were analyzed: asynchronous cells, or cells synchronized with aphidicolin and
released from the G1/S block. The second column indicates what is the reagent/plasmid received by the cells.
The following columns indicate what is the cell distribution according to DNA staining.

3.2. Stable Overexpression of HA-TIPT Does not Affect Cell Proliferation

To find out if the cell cycle length was changed, stable cell lines overexpressing HA-TIPT
were constructed. Human U20S cells were transfected with a HA-TIPT plasmid containing a
neomycin gene, which conferred resistance in eukaryotic cells. The minimum concentration of
Neomycin (G418) to which only the transfected cells are alive, but control cells are dead, was
determined experimentally at 500 pg/ml. 17 clones were selected and some of them were

analyzed by Western blotting (Figure 16C). Clone 4 was selected because was resistant to
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neomycin drug, but does not overexpress HA-TIPT, suggesting that genomic integration was
in a silenced locus. Other clones like 1, 2, 7, 8 and 9 presented an additional HA-TIPT protein

level which varied in relation to the endogenous TIPT level.

A Aphidicolin
| | | | Aphidicolin Release
M ! G1 ! S ! G2 ! > 2h
18h 2h
6h
8h
10h
B 12h
G1 phase S phase G2/M phase
sz = i : Pa————
o e +2 z P
rn 2 ;F 8 10 12 ° 0 2 6 8 10 12 ° 0 \‘ 2; : 6 8 10 12
hours hours hours
C D
Growth curves
Co 1 2 4 7 8 9 o
: § 10
B-Tubulin | A — g o mDay 2
{, 6 Day 3
. s Day 4
HA-TIPT £ 4 b2y s
TPT | ™ - e s - o

1N

HATIPT 1 HA-TIPT 2 HA-TIPT 7 HA-TIPT 8 HA-TIPT9  Control
clones-control

Figure 16. HA-TIPT transient and stable transfection of human U20S cells. (A) Aphidicolin synchronization
scheme of transient transfected cells. (B) HA-TIPT-expressing cells released from Aphidicolin block for up to 12
hours and FACS analyzed in cell cycle phases distribution every 2 hours in comparison to empty vector
transfected cells: G1 phase (left), S phase (middle), G2/M phase (right). (C) Different clones of HA-TIPT stable
expressing U20S cells analyzed at protein level by Western blotting. (D) Growth curves of different stable
clones in comparison to the wild-type cells. 6x10* cells were plated at day 0. Viable cells were counted 2, 3, 4, 5
day after seeding. The results indicate one of the three experiments performed. Abbreviations: cell cycle phases:
G1, S, G2, M; Co, control wild type cells.

To test if the cell cycle length was affected by a TIPT increased level, different clones were
cultured starting from the same number of cells, and grown in identical conditions. The
growth curves were performed for a period of five days. The experiment was repeated three
times and one is represented in the figure 16D. No significant differences can be observed

between the wild-type U20S cells and the overexpressing TIPT clones.
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Together, these data show that overexpressing TIPT cell proliferation is not affected, but the
length of the cell cycle phases changes, with longer S phase and shorter G2/M phase.

3.3. TIPT Cannot be Down-Regulated

To explore the real effect of TIPT on cell cycle a knock-down approach was used. Several
siRNAs, or short hairpin vectors to silence TIPT mouse or human expression were used. All
siRNAs used to down-regulate TIPT produced a silencing effect on mRNA level, with the
highest knock-down effect (more than 90%) obtained by the combination of four siRNAs
from Dharmacon SMARTpool (Figure 17A). However, none of them produced a decrease in
the TIPT protein level even if the cells were cultured for 5 days or were re-transfected 2-3
times (data not shown). This effect can be explained if TIPT protein has a long protein
turnover. In order to find this, U20S cells were cultured in a medium containing 10 ug/ml
cycloheximide, a reversible inhibitor of protein synthesis. The cells were collected for the
indicated time points. TIPT expression was detected after 1 day of protein synthesis block, but
disappeared after 2 days. A long exposure time showed that some TIPT protein was left.

Tubulin o used as a control was detected even at 48 hours (Figure 17B).

A B
S k& Sk CHX Oh 1h 2h 23h 47h
£ = £ E P
c Y E § .Y E X
2 % % c% 2 % = s | Tubulin o WS S —
TIPT | ™= - - - — ‘

18SIRNA | ww ww e e TIPT | 4N S 4 <.

72h 96 h

Figure 17. TIPT down-regulation. (A) TIPT silencing with siRNA SMART pool from Dharmacon in U20S
cells. The effect was tested at 72, respectively 96 hours from transfection. As controls were used siGL2 and
siLaminA/C, and 18S rRNA was amplified from the same amount of RNA as for TIPT. (B) TIPT protein half-
life determination by inhibiting protein synthesis in U20S cells with 10 pg/ml cycloheximide. Abbreviations:
CHX, cycloheximide; -, negative control, ddH,O.

These experiments indicate that TIPT protein level cannot be decreased using these methods
even if it was found that TIPT has not a long turnover, rather a moderate one. This suggests
that TIPT might be an important protein very necessary for the life of the cell, so it can be

protected by different posttranslational modifications.
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4. TIPT and Pol I

4.1. Evidence for a Role of TIPT in rRNA Synthesis

The nucleolar localization of TIPT and the interactions observed with several nucleolar
proteins (nucleolin, nucleophosmin and RNA helicase I) suggested that TIPT might play a
role in Pol I dependent transcription or in rRNA processing. First, to reveal the functional
significance of TIPT nucleolar localization, the effect of actinomycin D (ActD) on TIPT
localization was tested. Actinomycin D is an adenosine analogue that intercalates between G-
C base pairs and blocks the progression of RNA polymerase. When used at low
concentrations, 0.04 pg/ml, and for a short period of time it blocks specifically the synthesis
of rRNA [117]. When used for longer time or at higher concentration, 1 pg/ml, ActD blocks
total RNA synthesis. In human osteosarcoma and mouse 3T3 cells treated to inhibit rRNA
synthesis, TIPT lost its nucleolar localization almost completely (Figure 18B, E) in
comparison to the control cells grew in a medium with DMSO (Figure 18A, D). If in human
cells TIPT relocalized to cytoplasm, in mouse fibroblasts TIPT was redistributed to the
nucleoplasm almost completely and a small amount could still be detected at the nucleolar
periphery. A more drastic effect was obtained when total RNA synthesis was impaired (Figure
18C, F). However, in mouse treated cells TIPT was found in nucleoplasm, in dot-like
structures. Altogether, these findings indicate a possible role of TIPT in Pol I-dependent

transcription.

4.2. TIPT Activates Pol I Transcription

In order to investigate whether TIPT has a role in Pol I-dependent transcription, a
collaboration with Dr. Christine Mayer and Prof. Ingrid Grummt from Division of Molecular
Biology of the Cell II, German Cancer Research Center from Heidelberg, was started
(experiments from section 4.2 and 4.3 were performed by Dr. Christine Mayer). To check if
TIPT activates RNA polymerase I transcription, Northern blots for endogenous and reporter
transcription were performed. To analyze the effect of TIPT on endogenous transcription,
human 293T embryonic kidney cells were transfected with increasing amounts of HA-TIPT
plasmid. For Northern blot analysis of human pre-rRNA, pGem3-Hr was used as a template

for riboprobe synthesis (Figure 18G). The TIPT overexpression was controlled at the protein
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level. The stimulation of pre-rRNA precursor synthesis suggested the possibility that TIPT

activates endogenous RNA polymerase I transcription.
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Figure 18. TIPT role in Pol I transcription. (A-F) Actinomycin D effect on TIPT nucleolar localization. (A, D)
DMSO does not change the nucleolar localization of TIPT in U20S, respectively 3T3 cells. (B, E) 0.04 pg/ml
ActD for 30 min depletes TIPT from nucleous in U20S, respectively 3T3 cells. (C, F) Total RNA synthesis
inhibition by 0.04 pg/ml ActD for 17 hour prevents nucleolar localization of TIPT. (G) Activation of
endogenous RNA polymerase I transcription. Northern blot (2 ug of RNA was loaded on the gel), control
Western blot (25 ul of cell lysates were loaded on the 12% gel. Lanel- 293T mock, lane2 -293T cells transfected
with 1ug of HA-tagged TIPT, lane3- 293T transfected with 3 ug of HA-tagged TIPT). (H) TIPT influences
reporter transcription. 2 ug of RNA was loaded on the 1% gel (reporter transcription, 293T cells transfected with:
lane 1- mock transfected, 2- 0,25 ug of TIF-IA, 3- 0,5 ug of TIF-IA, 4- 0,25 ug of HA-tagged TIPT, 5- 0,5 ug of
HA-tagged TIPT, 6- 0,25 ug of Flag-tagged TBPLI1, 7- 0,5 ug of Flag-tagged TBPL1, 8- 0,25 ug from HA-
tagged TIPT and Flag-TBPL1, 9- 0,5 ug from HA-tagged TIPT and Flag-tagged TBPL1). The membrane was
blotted with Pol I reporter probe and for the internal control with B-actin probe. Effect of TIF-IA, TIPT and
TBPL1 on Pol I transcription was calculated using Aida software in comparison to internal control.

Next, the cells were transfected with reporter for Pol I transcription and gradually increasing

amounts of HA-TIPT. For Northern blot analysis detection of reporter transcripts pTBUC
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probe was used, and for internal loading control a riboprobe against B-actin. The effect of
TIPT on transcription was calculated using Aida software in comparison to internal control.
Lower amounts of TIPT produced activation, whereas higher amounts led to a decrease of
reporter activity (data not shown). This finding suggested a common phenomenon found in
transcription, squelching [118].

In order to interpret the significance of the effect produced by TIPT overexpression on Pol I a
comparison with TIF-IA was made. TIF-IA is a component of the Pol I preinitiation complex
which phosphorylates Pol I and activates transcription initiation [8]. A similar experiment as
the one described above was performed, transfecting the cells with Pol I reporter and
expression plasmids for TIF-IA, HA-TIPT, Flag-TBPL1, Flag-TBPL1 plus HA-TIPT (Figure
18H). The reason to introduce TBPL1 as a new player in this experiment is that it is a basic
transcription factor interacting with TIPT, localized to the nucleoli, and possible having a
function in Pol I transcription [65]. TIPT and TBPL1 have a similar effect to TIF-IA on Pol I

reporter transcription, and the effect is slightly synergic when are co-expressed (Figure 18H).

4.3. TIPT Interacts neither with Pol I and TIF-IA Proteins, nor with rDNA

Promoter and Coding Regions

Since these experiments suggested an activatory role of TIPT on Pol I transcription, to gain
more insights, protein-protein and protein-DNA interactions were verified. Because proteins
interacting with RNA polymerase I complex very often may be detected with TIF-IA, for co-
immunoprecipitation experiments antibodies against Pol I and TIF-IA were used. Nuclear
extracts from 293T cells transfected with HA-tagged TIPT and non-transfected cells were
used. However, no interaction between TIPT and RNA Polymerase I or with TIF-IA was
detected (data not shown). The interaction with SLI complex containing TBP basic
transcription factor needs to be further investigated. Chromatin immunoprecipitation (ChIP)
experiments were used to check if TIPT interacts directly with rDNA human promotor and
human coding region. ChIP analysis was done using 293T cells transfected with HA-TIPT or
HA-CSB plasmid as control. TIPT could not be detected on these DNA regions, suggesting
that it may be indirectly involved in Pol I transcription. Taken together, these data indicate
that the nucleolar TIPT is involved in Pol I-dependent transcriptional activation, but they

don’t suggest a direct effect.
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4.4. TIPT Has no Role in Ribosomal RNA Processing

In several studies it was reported that nucleophosmin and nucleolin have a role in rRNA
processing. Since these proteins were found as TIPT binding partners during an
immunoprecipitation experiment (see section 2.3), it was interesting to investigate if TIPT has
a role in rRNA processing. The interaction of NPM with HA-TIPT was confirmed by co-
immunoprecipitation from a stably HA-TIPT expressing U20S cells (clone 8) (Figure 19A).
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Figure 19. TIPT has no role in rRNA processing. (A) HA-TIPT interacts in vivo with nucleophosmin in HA-
TIPT stable cell line. Immunoprecipitation using HA antibodies was performed from HA-TIPT stable transfected
and wild-type U20S cell extracts. The eluates were transferred by Western blotting and membranes were probed
with anti-NPM antibody, and anti-HA antibody. (B-E) Both TIPT and NPM require RNA for their nucleolar
localization in U20S cells. (B, D) NPM and TIPT localize in nucleoli of U20S cells permeabilized with saponin.
(C, E) NPM and TIPT redistribute into the whole nucleoplasm after 1mg/ml RNase A treatment. (F) In vivo
metabolic labeling of cells. U20S cells were transfected with GFP-TBPL1 or GFP, metabolically labeled for 1.5
hours with [*’P]-orthophosphate, and chased for indicated times. RNA was isolated and loaded on a
formaldehyde/agarose gel. The equal loading was verified by staining the gel with ethidium bromide (lower
panel). The transfer was performed on a Hybond N+ membrane, and the radioactivity was determined with a
Phosphorimager (upper panel). Abbreviations: Co, control wild type cells; Ex, input extracts; IP, co-
immunoprecipitation eluates.
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Next, it was checked if TIPT nucleolar localization requires RNA. Immunostaining on human
U20S cells treated with 1 mg/ml RNase A revealed that TIPT redistributes in the entire cell
(Figure 19E). In addition, TBPL1 followed exactly the same distribution pattern like TIPT
(data not shown), and NPM was confined to the entire nucleoplasm (Figure 19C). These
results suggest that all three proteins require the presence of certain RNA species for their
nucleolar localization.

TIPT is localized to the nucleolus, requires RNA for its nucleolar localization, and interacts
with proteins involved in rRNA processing. Therefore, was checked if indeed it has a role on
rRNA processing. Because the knocking-down of TIPT protein proved impossible, a
dominant-negative like experiment was designed to investigate its role in processing. TBPL1
interacts with TIPT and theoretically, more TIPT would be bound by overexpressed TBPL1
and less TIPT would be available to perform its functions. For this purpose, GFP-TBPL1 and
GFP transfected human U20S cells, were labeled for 1.5 hours with [**P]-orthophosphate
containing medium and were chased for 2 and 4 hours with growth medium. An equal amount
of RNA was loaded on formaldehyde/ agarose gel and stained with ethidium bromide to check
the loading (Figure 19F lower panel). The gel was blotted and radioactive membrane was
exposed to Phosphoimager, followed by interpretation of rRNA band densities obtained after
background substraction in comparison to the control, using the software Quantity One (Table
5). The results indicate that TBPL1 overexpression has no effect on rRNA processing, it
rather produced a global decrease of processed rRNAs (~ 30% in comparison to the control)
from 45/47S precursor to 18 S and 5 S rRNA (Figure 19F upper panel). This result suggests
that TIPT affects rRNA transcription on another level, other than the processing.

rRNA Chase time % Decrease
4758 2h 37
4h 25
2h 11
328
4h 38
2h 15
28S
4h 31
2h 13
18S
4h 35

Table 5. In vivo metabolic labeling of rRNA. The densities of radioactive 47S, 32S, 28S and 18S rRNA bands
were calculated after background subtraction, and the decrease in comparison to the control is shown in the last
column.
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S. TIPT and Pol 11

5.1. TBPL1 Protein Model is Similar to TBP’s.

TBP and TBPL1 are basic transcription factors, which nucleate the formation of transcription
preinitiation complex on different promoters, TATA box-containing, respectively on some of
the TATA-less promoters. They belong to the same protein family, but the identity between
the C-terminal core domain of murine TBP and TBPL1 protein is only 39%. Because of this,
was highly interesting to see if TBPL1 resembles TBP structure. TBPL1 protein structure was
modeled by Dr. Reinhard Klement (Max Planck Institute for biophysical chemistry,
Gottingen).

TBP

TBPL1 model

Figure 20. The model of human TBPL1 protein compared to TBP crystal structure. TBP and TBPL1 have a
similar saddle-like structure. TBPL1 model was obtained using TBP/TFIIA/DNA crystal structure from PDB
database [119]. TBP and TBPL1 are depicted as ribbon drawing and colored in yellow for the -strands, red for
the a—helices, blue for the N-terminus, orange for the C-terminus, and in green the solvent accessible surface.

The TBPLI1 primary sequence (amino acids 13-183) was compared to TBP crystal structures
from PDB databank using SWISS-Model software (http://swissmodel.expasy.org), automated
and manually. The best model was obtained using a TBP-TFIIA-DNA crystal structure (1nvp)

[119]. The read-out came up surprisingly because of the low similarities between these two

proteins. TBPL1 structure preserved the saddle-like shape, which is very similar to TBP’s
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(Figure 20). The internal pseudo-symmetry specific for TBP was maintained due to the
similar disposition of the structural elements (B-sheets strands and a-helices). The DNA-
binding C-terminal region of TBP has two identically folded domains, each with five-strand
[B-sheets, a long and short a-helix [31]. The twisted f3-sheet of TBP forms the saddle surface
that is the key to DNA binding. For TBPL1 each folded domain contained five -sheets (from
which one was very reduced in size) and shorter a-helices (Figure 20). Moreover, the N- and
C-terminus were not close together located like in the case of TBP, the N-terminus being
placed in the middle of the TBPL1 structure. Altogether, these findings suggest that TBPL1
may have a similar function to TBP, and indicate that the apparent structural differences may

be the reason for a differential affinity to the TATA box DNA sequence.

5.2. TIPT Activates Pol II Transcription from TATA box Promoters

5.2.1. TIPT Binds the Adenovirus Major Late Promoter

TIPT interacts with TBP and TBPL1 basic transcription factors. Therefore, to characterize a
possible role of TIPT in Pol II transcription first, it was necessary to investigate if TIPT forms
a complex with TBP and DNA. For that purpose, a very well investigated piece of promoter
that belongs to the adenovirus major late promoter (-40 to -15) was used as DNA
oligonucleotide containing a TATA box. It turned out that TIPT bound strongly to the labeled
oligonucleotide (Figure 21A). To check if the binding was specific, this interaction was
competed with increasing amounts of competitors like poly(dG-dC) (Figure 21A lanes 2, 3),
poly(dI-dC) (lanes 4, 5), Pax6 binding oligonucleotides (lanes 6, 7) and cold adMLP
oligonucleotides (lanes 8, 9). The result showed that the TIPT-DNA interaction could be
competed only by cold AAMLP oligo, which proves that the binding is specific. It is worth
noting that multiple bands were detected in the gel shift assay suggesting that a TIPT
multimer interacts with DNA (Figure 21A). In a pull down assay using in vitro translated
radioactively labeled TIPT and recombinant GST-TIPT was found that TIPT interacts
strongly with itself, but not with GST alone used as control (data not shown). Altogether,
these data promote the idea that TIPT binds DNA both as monomer and multimer.
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AdMLP + + + + + + + + +
Poly(dG-dC) ug |1 1 15
Poly(dl-dC) ug 1 15
Pax6 cold ug 1.5
AdMLP cold ug 1.5
TIPT 30 ng + + + + + + + +
Gl
Haww W=
TIPT —J
% %
B 1 2 3 4 5 6 7 8 9
Canonical TATA box AdMLP 5" AAGGGGGGCTATAAAAGGGGGTGGG 3’
3" TTCCCCCCGATATTTTCCCCCACCC 5’
TATA box mutated AdMLPmut 5" AAGGGGGGCTGTAAAAGGGGGTGGG 3’
3’ TTCCCCCCGACATTTTCCCCCACCC 5’
Repeated TATA AdE4 5’ GATCCGGAGTATATATAGGACCTTG 3’

3’ CTAGGCCTCATATATATCCTGGAAC 5

C

AdE4 + |+ |+

AdMLP + o+

AdMLPmut + o+ o+
TBP 6 ng + + +
TIPT 30 ng + + +

Figure 21. TIPT binds to the adenovirus major late promoter, but not to the adenovirus E4 (AdE4). (A) Analysis
of TIPT binding to AdMLP. GST-TIPT was assayed for DNA-binding activity using labeled AdMLP
oligonucleotide. The specificity of the DNA-binding activity was analyzed by competition with increasing
amounts of competitors as indicated. The arrow indicates retarded TIPT-AdMLP DNA complex. (B) Alignment
of three different double stranded oligonucleotides: AAMLP, AAMLPmut containing mutated TATA box, and
DNA oligonucleotide containing the repeated TATA motif from AdE4 promoter. In bold red is depicted the
TATA motif, and with bold blue is indicated the mutation performed. (C) DNA-binding assay using TBP and
TIPT as described for panel A. Human TBP, or GST-TIPT were incubated with radioactively labeled AdMLP,
AdMLPmut, and AdE4 oligonucleotides.
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5.2.1.1. TIPT Binds the BRE" Element of the Adenovirus Major Late Promoter

To define the TIPT binding sequence for the AAMLP, the interaction to the TATA element
was first investigated. A gel shift assay was performed using either a mutated TATA element
(AdMLPmut), or a piece of DNA containing a repeated TATA box from the adenovirus E4
promoter (AdE4) (Figure 21B, [57]). Mutated form of TATA was found in a complex with
TIPT (Figure 21C lane 7), but not with human TBP (lane 8). In addition, TIPT does not bind
to the AdE4 oligonucleotide (lane 2) to which TBP binds strongly (lane 3), suggesting that
TATA box is not the important sequence for TIPT binding, rather the flanking sequences from
the AAML promoter outside of TATA.

l\ AdMLP 5’AAGGGGGGCTATAAAAGGGGGTGGG 3’

BRE" TATA  BRE‘

AdMLP 5" AAGGGGGGCTATAAAAGGGGGTGGG 3

M1 5’ AATTGGGGCTATAAAAGGGGGTGGG 3’
M2 5’ AAGGTTGGCTATAARAGGGGGTGGG 3’
M3 5’ AAGGGGTTCTATAARAGGGGGTGGG 3’
M4 5’ AAGGGGGGTGATAARAGGGGGTGGG 3’
M5 5’ AAGGGGGGCTATAAAATTGGGTGGG 3’
M6 5’ AAGGGGGGCTATAARAGGTTGTGGG 3’
M7 5’ AAGGGGGGCTATAARAGGGGTGGGG 3’
B M8 5’ AAGGGGGGCTATAAAAGGGGGTTTT 3’
AdMLP + 4+ \
AdMLP M1-8 ++++++++++++++++\
TIPT 120 ng + + + + + + + + +\
. s
E I -
. ® ”

M1 M2 M3 M4 M5 M6 M7 M8

Figure 22. TIPT binds the BRE" element, but not the TATA motif of AAMLP. (A) BRE" (nucleotides are in bold
black), TATA box (in bold red), and BRE® elements (6/7 bold nucleotides match) are depicted on AdMLP
oligonucleotide. Below, the sequential mutations performed in AdAMLP oligonucleotide to find TIPT binding
site, as indicated in the figure (in bold black). The mutated oligonucleotides are numbered M1-M8. (B) TIPT
binding motif identification to the AJMLP oligonucleotide. GST-TIPT protein was assayed for DNA-binding
activity by using labeled DNA fragments representing the wild-type AAMLP and mutated forms as indicated in
panel A. In red rectangle is highlighted the impaired binding reaction.

The AAMLP contains an additional DNA binding sequence, the BRE" element, located
immediately upstream of TATA box motif where TFIIB was reported to bind (Figure 22A).
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Downstream of the TATA sequence is a region also highly rich in Gs, a “ downstream G
track”, which contains six/seven match to the consensus BRE? sequence (5'-G/A-T-T/G/A-
T/G-G/T-T/G-T/G-3"), considered to be a secondary binding site for TFIIB, only after TBP
binds [38, 40]. To reveal the location of TIPT binding site, sequential mutations in TATA
flanking sequences were done (Figure 22A). A gel shift retardation assay was performed
using the same amount of DNA and TIPT protein in each binding reaction. The binding was
obviously impaired only when substitutions were performed in the middle of the Gs from the
BRE" element (AdMLP M2) (Figure 22B). This indicates that TIPT binds the BRE" sequence.
It cannot be excluded that a shift decrease is also observed for M6, an oligonucleotide with a
mutation in BRE".

This experiment proves that TIPT is a DNA binding protein, which interacts with the BRE"

element of the adenovirus major late promoter.

5.2.1.2. TIPT, TBP and AAMLP Form a Ternary Complex

The formation of a ternary complex between TIPT, TBP and the AMLP oligonucleotides
was studied by gel shift assay. Indeed, the presence of both proteins revealed a new DNA
binding pattern. The shift produced by TBP-DNA (Figure 23A band 1) was missing in TBP-
TIPT-DNA reaction. In addition, was observed that the more retarded band of TBP-TIPT-
DNA reaction (band 3) was more intense and migrated differently than the one from the
TIPT-DNA complex. This observation suggests that the two interacting proteins TIPT and
TBP may bind adjacently on the AAMLP, contacting the BRE" and the TATA box,

respectively.

5.2.1.3. TIPT, TBP and Geminin Activate Synergistically the AAML promoter

To follow the significance of the protein-DNA interaction in vivo reporter assays were
performed using the AAML promoter (-58 to +11) cloned into pGL3 firefly luciferase reporter
vector. Human U20S cells were transfected, and the total amount of DNA was equalized
using a CMV-GFP plasmid. All the transfections were performed on the basis of significant
endogenous levels of TIPT, TBP and geminin, which cannot be depleted for technical and/or
biological reasons. Therefore, a careful transfection titration was performed in order to
optimize conditions for a good ratio reporter: expression plasmid. A squelching effect was

avoided by using 1: 10 ratio of TBP expression plasmid: reporter construct.
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GFP-TBP produced only a small activation of the reporter (Figure 23B). Transfection of HA-
tagged TIPT produced a much stronger, dose-dependent activation. Co-expression of GFP-
TBP increased this activation (about three fold) suggesting that TIPT and TBP act
synergistically to activate TATA-containing AAML promoter.

A
AdMLP + + + + +
AdMLP cold +
TBP  3ng + + +
TIPT 15ng + +

TIPT/TBP ﬁ

pGL3-AdML promoter
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Reporter 750 ng + + + + + +
TBP 75 ng + + +
TIPT ng 75 300 75 | 300

Figure 23. TBP and TIPT bind simultaneously to the AMLP and activate synergistically the AAML promoter in
reporter assay. (A) Binding of TIPT to TBP-DNA complex. Human TBP or GST-TIPT was assayed for DNA
binding activity by using labeled AMLP oligonucleotide. The specificity of TBP-DNA complex was analyzed
by competition, using double-strand cold oligonucleotides. (B) TIPT activates dose dependent alone or
synergistic with TBP the AAMLP reporter. A reporter luciferase assay was performed in U20S cells in 24 well
format, using AdAML promoter (-58 to +11) fused to firefly luciferase gene. Total DNA transfected in each
condition was equalized to 1125 ng by the addition of pEGFP-C3.

Since geminin was found to interact with both TIPT and TBP, it was included into reporter
assays. Due to the fact that this time the cells received a higher amount of DNA, and more
plasmids were co-transfected, the activation produced by TBP and TIPT was much more
reduced (Figure 24A). Co-transfection of TBP and geminin produced almost the same
activation of the reporter like TBP and TIPT did. Surprisingly, TIPT and geminin produced a
very strong increase in AAMLP luciferase activity. To test if this activation was dependent on

the direct interaction between geminin and TIPT, geminin was co-expressed with a GFP
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construct of TIPT mutated for geminin binding site (TIPTmut). As expected, the activation
was reduced about a half, which demonstrates that the effect produced depends on the direct
TIPT-geminin protein interaction in vivo.

Next, to find whether geminin has an activator or repressive role on the effect produced by
TBP and TIPT on AAMLP, all three expression constructs were co-transfected. The result was
an even stronger activation than produced by geminin and TIPT. Also, the co-expression of
TIPTmut with geminin and TBP decreased the activation level about one third. In contrast to
TBP, TBPL1 does not activate AMLP. A co-transfection performed replacing GFP-TBP
plasmid by GFP-TBPL1 construct revealed that the effect produced by TBP, TIPT and
geminin was TBP-specific (Figure 24A).

These results suggest that TIPT synergize with geminin and TBP in order to activate a TATA-

containing promoter.
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Figure 24. TBP, TIPT and geminin activate synergistically AAML and HSV TK promoter in reporter luciferase
assay. (A) TIPT, TBP and geminin activate synergistically the AAML promoter. Total DNA transfected /24 well
was equalized to 1425 ng by the addition of pEGFP-C3. The fold luciferase activities were calculated as before.
(B) TIPT, TBP and geminin activate synergistically the TK promoter. TK promoter was fused to firefly
luciferase gene.
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5.2.2. TIPT, TBP and Geminin Activate Synergistically the Herpes Virus Thymidine
Kinase Promoter

To find whether TIPT, TBP and geminin activate another TATA-containing promoter, the
herpes virus thymidine kinase luciferase reporter was assayed. The promoter used is a large
piece of about 750 nucleotides and contains besides a TATA box-like element, several other
DNA binding elements like CCAAT box and CpGs elements. The BRE element cannot be
found upstream of the TATA box. Using the same experimental conditions as before, it was
found that TIPT together with geminin and TBP activate very strongly and synergistically the
TK promoter (Figure 24B). This effect was proven to be TBP-specific, because replacement

of TBP by TBPL1 manifested a decrease in the level of activation (data not shown).

5.2.3. Geminin Decreases the Binding of TBP to the Adenovirus E4 Promoter

In order to better define on which type of TATA-containing promoters TIPT acts together
with TBP and geminin to produce activation, adenoviral E4 promoter was used as model.
TIPT does not form a complex with AdE4 oligo proved in a gel shift assay (Figure 21B, 25
lane 3). To determine whether it forms a complex with TBP and DNA, increasing amounts of
TIPT were added on TBP-DNA complex (lanes 5, 6). No ternary complex was observed
suggesting that the TATA box is not sufficient to nucleate the formation of a TBP-TIPT-DNA
complex. However, geminin decreased significantly the formation of TBP-DNA complex
(lane 7). TIPT or anti-geminin antibodies could rescue partially this decrease because geminin

was titrated out from the system in a certain proportion (lanes 8, 9, 10).

AdE4 + + + + + + + + + +
TBP 6 ng + + + + + + +
TIPT 60-120 ng 60 60 120 60 120 120
Gmnn 120-240 ng 120 120 120 240 240
Ab-gmnn 200 ng +

o
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Figure 25. Geminin inhibits TBP-AdE4 promoter complex formation. Human TBP, GST-TIPT, or His-geminin
was assayed for DNA-binding activity using labeled DNA fragments containing the AdE4 TATA repeated motif.
Increasing amounts of GST-TIPT were incubated with TBP-DNA complex to assess whether a ternary complex
was formed. His-geminin was added to TBP-DNA complex. Increasing amounts of GST-TIPT, or anti-geminin
antibody were added to the previous reaction as indicated in the figure.

Taken together, these results suggest that geminin represses TBP binding to AdE4 promoter

through a direct interaction with TBP, and TIPT can overcome this negative effect.

5.3. TIPT Activates Pol II Transcription from TATA-less Promoter

TBPL1 activates some of the TATA-less promoters and represses transcription from TATA
box-containg promoters. TIPT interaction with TBPL1 transcription factor was demonstrated
in vitro (see section 2.1.3.) and since such an important effect of TIPT on TATA box-
containing promoter activation was observed (see section 5.2), prompted the investigation of

TIPT effect on the TATA-less promoter activity.

5.3.1. TIPT, TBPL1 and Neurofibromin Promoter DNA Form a Ternary Complex

One of the TATA-less promoters on which TBPL1 was shown to have an activatory effect is
the neurofibromin promoter [63]. Recently it was demonstrated in vitro and in vivo binding of
TBPL1 to a piece of 103 bp from NF1 promoter. To delineate more precisely the binding site,
it was proven that the interaction between TBPL1 and DNA could be competed by two
smaller pieces from this promoter region.

In order to demonstrate that TIPT has a role on TBPL1-dependent transcription, several
assays were performed. To find out if TIPT forms a ternary complex together with TBPL1
and DNA, the influence of TIPT on TBPLI-DNA complex mobility was analyzed on a gel
shift assay. Because TBPL1 shifts the DNA only in complex with TFIIA, this complex was
purified from both cytoplasmic and nuclear extracts of HeLa cell line stable overexpressing
Flag-TBPLI1 [56]. The sequence to which TBPL1 was shown to bind was further used in the
gel shift assays with the remark that was extended 6 bp upstream and downstream (-286 to -
250). TBPL1 was complexed significantly with DNA (Figure 26A lane 3). From the analysis
of shifted band mobility can be observed that was not too retarded from the free oligo,
suggesting that TBPL1 alone (20 kDa size) formed a complex with the NF1 oligo without the
involvement of TFIIA complex, which probably helped only for the stabilization of the
complex. Unexpectedly, TIPT bound this DNA oligonucleotide producing a double shift (lane
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4) like the one obtained with AAMLP oligonucleotide. Increasing amounts of TIPT resulted in
a quantitative chase of the TBPL1-DNA complex to one that migrated more slowly,
suggesting that TIPT and TBPL1 form a ternary complex with the NF1 promoter (lanes 5, 6).
In addition, can be observed that TBPL1 binding mostly abolished TIPT binding to DNA.

Geminin does not form a complex together with TBPL1 and DNA, on the contrary it
decreases the complex formation (lane 8). This effect is similar to what was observed for
TBP-AdE4 complex formation, suggesting that geminin competes with DNA for binding to
TBPL1. Next, it was analyzed whether geminin affects TIPT-TBPL1-DNA ternary complex
formation. Increasing amounts of geminin produced a decrease of TBPL1-DNA band, on the
extent of more NF1 oligonucleotides shifted in complex with TBPL1 and TIPT (lanes 9, 10).
Geminin does not supershift TIPT-TBPL1-DNA ternary complex, but increases it probably by

stabilizing it, suggesting a possible “hit and run” mechanism for geminin.

l\ NF1 + + + + + + + + + +
TBPL1 20 ng + + + + + +
TIPT 120-240 ng 120 120 | 240 120 120 240
Gmnn 120-240 ng 120 120 | 120 | 120 | 240
TIPT/TBPL1

TIPT

¥l

AdMLP 5" AAGGGGGGCTATAAAAGGGGGTGGG 3’
3’ TTCCCCCCGATATTTTCCCCCACCC 5’

AGAGCTTAAGCTGAGAGCACAGCCTCCCCAGGAGAT 3

TCTCGAATTCGACTCTCGTGTCGGAGGGGTCCTCTA 5’

' AGAGCTTAAGCTGAGAGCACAGCCT 3’
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Figure 26. TBPL1 and TIPT form a ternary complex with neurofibromin (NF1) oligonucelotides in vitro. (A)
Binding of TIPT and geminin to TBPL1-DNA complex. Human TBPLI1-TFIIA complex or GST-TIPT were
assayed for DNA-binding activity using labeled DNA fragments containing the NF1 promoter extending from -
286 to -250. Increasing amounts of TIPT were incubated with TBPL1-TFIIA-DNA complex. His-geminin was
incubated with TIPT or TBPL1-DNA complexes to check the effect. Increasing amounts of geminin were added
to TIPT-TBPL1-DNA complex. (B) Alignment of the AMLP and NF1 oligonucleotides. In red bold is depicted
the TATA motif and in blue bold the G/C rich regions. NF1 short oligonucleotide has a deletion of the C-
terminal region.
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In order to find the reason why TIPT binds to both NF1 and AAMLP oligonucleotides, their
sequences were aligned (Figure 26B). The only common similarity was a C/G rich region,
which for NF1 represents a stretch of six C/Gs located at its C-terminal part, interrupted by
one T/A nucleotide. In order to test if this finding has significance a new NF1 shorter
oligonucleotide, containing a deletion of the last C-terminal 11 nucleotides (including the
stretch of 4 C/Gs), was labeled and used in a gel shift assay (Figure 26B). Neither TBPL1 nor
TIPT was found in a complex with NF1 short oligonucleotide, suggesting that this G/C stretch
is important for their binding (data not shown).

In conclusion, these experiments suggest that TIPT DNA binding site may represent a G/C

nucleotide stretch.

5.3.2. TIPT, Geminin and TBPL1 Activate Synergistically the NF1 Promoter

To find if TIPT has in vivo role on human NF1 promoter, a luciferase reporter assay was done.
For this purpose, 350 bp from the NF1 promoter (-334 to +16) was cloned into pGL3
luciferase reporter vector [63, 120]. In order to improve the effect of TBPL1 on NF1,
upstream of this piece of promoter were cloned fourfold-reiterated TBPL1 binding site (-280
to -256) (Figure 27A [63]). U20S cells were transfected, and the total amount of DNA was
equalized using a CMV-GFP plasmid.

First, were performed transfections with increasing amounts of TIPT, varying TBPL1:TIPT
ratio. This experiment revealed that TBPL1 and TIPT activate synergistically NF1 promoter
in a dose-dependent manner, and 1:4 ratio produced the best NF1 activation (37 fold
activation) (Figure 27A). Further experiments were performed using TBPL1: TIPT ratio that
produced the highest NF1 reporter activation.

Geminin was introduced in this assay in order to prove that has in vivo the same role as was
observed in vitro. The activation produced by TBPL1 and TIPT was much more reduced (to 5
fold), probably due to the fact that cells received a higher amount of DNA than before, and
more plasmids were co-transfected (Figure 27B). Very similar to AAMLP reporter assay
(Figure 24A) TIPT and geminin produced a very strong increase of NF1 luciferase activity
(16 fold) (Figure 27B). Also, it was determined that geminin, TIPT and TBPL1 activate
synergistically NF1 promoter, producing 67 fold increase in the luciferase activity. A co-
transfection performed replacing GFP-TBPL1 plasmid by GFP-TBP, revealed that NF1

activation was TBPL1-specific (data not shown).
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These results suggest that TIPT activates TATA-less NF1 promoter transcription synergizing
with TBPL1, and geminin boost this activation due most probably to protein-protein

interactions with both TIPT and TBPL1.
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Figure 27. TBPL1, TIPT and geminin activate synergistically human NF1 promoter in reporter luciferase assay.
(A) TIPT activates synergistically in dose-dependent manner together with TBPL1 the NF1promoter. pGL3-NF1
reporter construct was designed by cloning 4x oligo3 binding site (-280 to -256) upstream of 350 bp human NF1
promoter (-334 to +16) fused to firefly luciferase gene. The reporter luciferase assay was performed in U20S
cells in 24 well plates. Total DNA transfected in each condition was equalized to 1500 ng by the addition of
pEGFP-C3. (B) TIPT, TBPL1 and geminin activate synergistically the human NF1 promoter. A reporter
luciferase assay was performed as indicated in panel A. Total DNA transfected in each condition was equalized
to 1425 ng by the addition of pEGFP-C3.
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Discussion

1. TIPT Expression

Murine TIPT was identified as geminin binding partner in a yeast two-hybrid screen. Several
TIPT homologs were identified in all mammalian genomes sequenced till present, which show
a high identity between species, indicating that there are no important evolutionary
differences, and the same TIPT isoform may have similar function in different organisms.
However, among the same specie even if TIPT isoforms have a high degree of identity, there

are significant differences which indicating different functions.

1.1. The Embryonic and Postnatal TIPT Expression

TIPT is widely expressed in embryos and different animal tissues analyzed, which suggests
that it may have a general role. In brain day 16.5 mouse embryo TIPT is expressed restrictedly
in some proliferative and differentiated areas. The expression of TIPT in proliferative areas of
mouse embryonic brain suggests that it may be linked to neurogenesis as known to be the case
for other genes also expressed in the cortical VZ and SVZ, such as Pax6 and nestin [121-124].
The fact that TIPT expression is also evident in zones of neuronal maturation indicates
possible function for this gene in the neuronal differentiation.

TIPT interacts with TBP, TBPL1 and geminin, all proteins abundant in male germ cells. Many
genes are expressed in male germ cells, which encode factors required for DNA replication
and transcription initiation of testis specific genes [43, 61, 101, 125-131]. The facts that TIPT
is expressed in late spermatocytes and haploid spermatids in a similar temporal window with
TBPL1, and activates transcription synergistically with TBPL1 and TBP suggest that TIPT
may play a similar role in regulating the differentiation program for spermiogenesis, by
activating transcription of round-spermatids downstream targets.

Thus, TIPT is mainly localized in differentiated cells, suggesting that may have a role in

activation of genes specifics for differentiated brain and testis cells.

1.2. The Subcellular Expression Domains of TIPT

TIPT interacts with TBPL1 and their expression was confined to nucleoli, a localization

unexpected for transcription factors. Neither TIPT nor TBPL1 were detected in one of the
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three proteomic screens of the human nucleolus [132-135]. The findings that TIPT interacts
with nucleolin, nucleophosmin and RNA helicase A, and that may have a role on rDNA
transcriptional activation suggest that TIPT is not only stored in nucleolus, but plays a specific
role. However, the nucleolus was reported in several cases to act as a storage place for a
number of factors that have no role in rRNA metabolism and exert regulatory functions, such
as Hox and Polycomb group proteins and transcription factors like testis specific Drosophila
TAFs [6, 127, 136].

The TIPT nucleolar and cytoplasmic distribution is regulated by phosphorylation, and CKII is
shown to be at least one of the kinases that phosphorylate TIPT. In the nucleolus are found
many phosphoproteins, however the unphosphorylated TIPT is confined to the nucleoli and
the phosphorylated form to the cytoplasm.

TIPT is localized also in the centrosomes of human and mouse cells, not only in the nucleoli
and the cytoplasm, despite the fact that TIPT was not identified in centrosomal proteomic
approach [137]. TIPT interacts with nucleophosmin and geminin, both factors involved in
centrosomal duplication. During a cell cycle, the centrosome can duplicate only once, and is
prevented from re-duplication during late S and G2 phases by an intrinsic block [138]. Studies
suggested that NPM may be a positive licensing factor which allows the centrosome
duplication, and geminin may act as an anti-licensing factor prohibiting centrosome over-
duplication in the same cell cycle [91, 114, 139]. Because geminin is not localized to the
centrosomes, it cannot be considered as a centrosome-intrinsic inhibitor [139]. Thus, a
geminin interacting protein present in Gl phase in centrosome could be potentially
sequestered by geminin in S and G2 and thereby preventing centrosome over-duplication
within one cell cycle. TIPT fulfills this criteria being present in G1 phase. However, its
centrosome association is not cell cycle dependent, TIPT being present during the entire
interphase and also in all the mitotic phases. TIPT could be considered as potential factor
necessary for licensing only if one imagines that would be so tightly regulated and geminin
would sequester a TIPT form different than TIPT remained in centrosome. TIPT interacts
with Eg5, and its association with the mitotic spindle during the entire mitosis raises the
possibility that it may have a similar function to Eg5 in spindle assembly and dynamics [140,

141].
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2. The TIPT Interactome

In order to extend the characterization of TIPT from a descriptive to a more functional level,
one of the goals of this work was to find TIPT interacting proteins. Using different approaches
several interactors that fall into various functional classes were identified: chromatin
remodeling proteins, transcription factors, nucleolar proteins and centrosomal proteins. These
findings suggest that TIPT may be involved in several processes that take place in different
subcellular compartments. At least few pertinent questions arise: How is TIPT regulated in
order to act in different complexes? Is there a common feature of TIPT in all these processes?
Can TIPT represent a link between chromatin remodeling and transcriptional regulation? How

do these different functions integrate in the context of embryonic development?

2.1. TIPT Interaction with Geminin

The initial finding from the yeast two-hybrid screen that geminin interacts with TIPT was
confirmed through in vitro assays. It was found that geminin binds TIPT on a basic region
near the C-terminal end (KRKK). Mutations of the first and the second lysine from this region
abolished the binding of TIPT to geminin, proving that this is the binding site. In mouse and
human isoforms this site is not completely conserved except for the second lysine, suggesting
that K/L-R/H-K-K/C/G is the signature of this site. /n vivo association of geminin and TIPT
could not be confirmed by immunoprecipitation from total cellular or embryonic extract,
neither using geminin nor tag antibody. Several reasons could be found for this failure. The
interaction might take place in relation to the cell-cycle phases. The complex might be formed
on the chromatin and the total cell extract preparation excluded this phase. Also, the complex
could be present only in centrosomes. Geminin and TIPT have multiple interaction partners
suggesting that are engaged in many complexes, which lowers the chance to identify the
interaction. Thus, this complex may exist in vivo in a small ratio in relation to the entire whole

cell extract and the methods used have limited this finding.

2.2. TIPT Interaction with Polycomb Group Proteins

TIPT interacts with Scmhl, and in addition to Ring1B and Mph2. However, Mell18 does not
bind to TIPT. Geminin associates transiently with the Polycomb complex, depending on the

cell cycle phases [87]. There is no evidence for a cell cycle dependent expression of TIPT.
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Geminin interacts directly with Scmhl on a basic amino acid rich domain lying outside the
SAM/SPM domain. TIPT interacts with SAM/SPM domain of Scmh1 indicating that it does
not compete with geminin. TIPT does not colocalize with the Polycombs in the nucleus,
suggesting that it is not a member of the PRC1 complex. However, in Drosophila and in a
human nucleolar proteomic approach Polycomb members were identified in the nucleolus
[127, 134]. In Drosophila differentiating primary spermatocytes two distinct populations of
PcG proteins were found: one that stays on chromosomes and the other that goes to the
nucleolus together with tTAFs. It was suggested that PcG may repress tTAFs targets, and at
the moment when spermatocytes are differentiating these genes must be activated while
tTAFs may chase the PcG proteins away to the nucleolus to store them and to prevent aberrant
inactivation [127]. Therefore, it is possible that the interaction of TIPT with Polycomb group
factors occurs outside the PRC1, maybe in the nucleolus, where could even inhibit the nuclear

PRC1 formation.

2.3. TIPT Interaction with AF10

The transcription factor AF10 was detected as a strong TIPT interactor in a yeast two-hybrid
screen. The cDNA clone obtained from the screen encodes the C-terminal region of the
protein, which contains the leucine-zipper domain of the protein. Two other proteins, SYT
and GAS41, bind the same leucine-zipper region of AF10 [110, 142]. Both proteins interact
with members of the SWI/SNF complex, and AF10 itself was found to coimmunoprecipitate
with Integrase Interactor 1 (INI1), the human homologue of the yeast SNF5 [142, 143].
Recently, it was shown that geminin inhibits SWI/SNF activatory function by removing Brgl,
the ATPase of this complex [92]. TIPT interacts with geminin, which inhibits SWI/SNF
function, and with AF10, which was suggested to activate transcription by recruiting
SWI/SNF complex on the chromatin. Thus, would be interesting to find out whether TIPT has
a more direct relation to the SWI/SNF complex.

2.4. TIPT Interaction with TBP and TBPL1

Polycomb group proteins were found on core promoter regions where they interact directly
with components of the transcription machinery to repress their activity. PcG proteins interact
with TAF proteins of the TFIID complex [83]. General transcription factors TFIIB, TFIIF,

and TBP are present on PcG-repressed genes in cultured cells [84]. Thus, the simultaneous
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presence and physical interaction of PcG and general transcription factors on the same
promoters was unexpected and led to the hypothesis that PcG proteins maintain silencing by
inhibiting GTF-mediated activation of transcription interfering with the formation of the
preinitiation complex [84, 144]. Moreover, their co-existence seemed necessary in order to
allow a relatively fast re-activation of PcG target genes.

TIPT interacts directly in vitro with the basic transcription factors TBP and TBPL1 and
activates synergistically TATA-containing or TATA-less promoters. Thus, TIPT interacts
with both Polycomb group complex and basic transcription factors, meaning with both
repressing and activating factors.

Why TIPT contacts both TBP and TBPL1? Although the similarity between the primary
structures is low and the secondary structures predict that the core domain is the conserved
domain, with an intramolecular identity of the N-and C-terminal repeats lower for TBPL1
than for TBP, the tertiary structures are very similar, indicating a saddle-like structure.
Therefore, maybe the binding site for TIPT is conserved between TBP and TBPLI. It is
highly probable that TIPT interacts also with TRF3 because of its high identity with the core
domain of TBP. Thus, TIPT may activate gene transcription from all three mammalian TBP

family factors.

3. TIPT and Cell Cycle

Transient overexpression of TIPT in human U20S cells elongates S phase and shortens G2/M
phase during one cell cycle. However, proliferation in general is not affected by TIPT, as
judged in stably overexpressing cells. The elongation of S phase suggests that an S phase
checkpoint may become activated, blocking the entry into G2/M phase. It is known that a
block of DNA synthesis, the re-replication, or the DNA damage can activate S phase
checkpoints. Even if these mechanisms are separated, they act through a common pathway
and activate ataxia telangectasia mutated (ATM) and ATM and Rad3 related (ATR) protein
kinases. Chkl and Chk2 protein kinases act downstream from and are substrates of the
ATM/ATR kinases [145]. Therefore, the effect of TIPT on these pathways needs to be
investigated in the future. Modulation of TBP, TBPLI, or geminin affects the length of cell
cycle phases and cell proliferation [60, 65, 115, 116]. Therefore, lengthening of S phase by

TIPT overexpression may have one of the following interpretations: TIPT interaction with
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geminin may induce DNA re-replication and activation of intra-S phase checkpoint; TIPT
activates TBP or TBPL1-dependent transcription of S phase checkpoint genes.

TIPT protein has not a long turnover, however TIPT protein level could not be reduced by
RNA interference, despite the strong silencing effect produced at the RNA level. The real
impact of TIPT on cell cycle, which could be informative from its down-regulation, is
missing. Therefore, overexpression data are not sufficient to indicate a direct role of TIPT on

cell cycle regulation.

4. TIPT and Pol I Transcription

Pol I-dependent transcription of ribosomal DNA genes results in the synthesis of rRNA, which
takes place in nucleoli. TIPT co-localizes with TBPL1 in the nucleoli during the entire
interphase. A role for TIPT in Pol I-dependent transcription was suggested by its release from
the nucleoli when rRNA synthesis was inhibited with actinomycin D. A similar redistribution
pattern was observed for TBPL1 [65]. However, some components of the rRNA transcription
machinery are localized to the nucleolar periphery at the inactive rDNA sites when rRNA
synthesis is inhibited [146-148]. The assembly of the preinitiation complex at the rDNA
promoter does not represent a major mechanism for regulating rRNA synthesis [147].
Therefore, TIPT may play a role in regulating rRNA synthesis despite the fact that does not
localize with the preinitiation complex when rRNA synthesis is blocked.

The need of rRNA synthesis and of RNA presence for TIPT nucleolar localization correlates
well with the fact that TIPT activates significantly endogenous and reporter Pol I transcription
at a similar level obtained with TIF-IA. However, the biochemical mechanism behind these
effects could not be explained yet. TIPT does not associate in vivo neither with Pol I
preinitiation complex, nor with ribosomal DNA promoter or coding region. Several reasons
could be found for these failures. TIPT association with transcription machinery was
investigated for Pol I and TIF-IA, but not for SLI/TIF-IB complex, to which is a high chance
to interact because of TBP interaction with TIPT in vitro and in vivo. TIPT may be situated
too far away from DNA and as a result it may be not cross-linked in a ChIP assay. Another
explanation may be that the majority of TIPT amount involved in a complex with DNA is too
low and cannot be detected during this assay. No role in rRNA processing was detected for
TIPT, despite its interaction with nucleolin, nucleophosmin, and RNA helicase A, proteins

with role in rRNA processing [149-151].
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Further experiments will be necessary to clarify whether the TIPT effects on Pol I

transcription are direct or secondary responses to the cell cycle alteration.

5. TIPT and Pol II Transcription

TBP and TBPL1 are basic transcription factors involved in Pol II transcriptional regulation
from different core promoters. In this work it is shown that both TIPT and geminin interact
directly with the above-mentioned basic transcription factors. Several experiments addressing
the possible role of TIPT in Pol II transcription in relation with TBP and TBPL1 were carried
out. Three major questions were asked. First, does TIPT form a complex with TBP or TBPL1
and DNA in vitro? Second, do they activate together TATA or TATA-less transient
promoters? Third, does geminin have an effect on transcription, due to its interaction with

TIPT, TBP and TBPL1?

5.1. TIPT and Geminin Effect on TATA-containing Promoters

The adenovirus major late promoter containing a TATA box is a widely applied model in the
study of Pol II promoters [152]. TIPT binds specifically to this promoter in vitro. TIPT
probably interacts not only as a monomer with DNA, but also as multimer, as judged from the
bands with different mobilities shifted on a gel retardation assay. This makes sense after
having observed that TIPT can interact in vitro with itself. Mutational analysis revealed that
TIPT does not bind to TATA motif. The abundant GC base pairing which flank the TATA
box of the adenovirus major late promoter was postulated to delimit the TATA element as a
trap for transcription machinery assembly [153]. Actually, recently it was reported that this
track of Gs located upstream is a BRE" element, where TFIIB binds independent of TBP
binding, and the G region downstream to TATA sequence resembles approximately to
consensus BRE? sequence considered a secondary TFIIB binding site, after TBP binds [38,
40]. The effects of nucleotides substitutions in the sequences of AAML promoter flanking the
TATA box were investigated. In this study it was found that mutations of the upstream BRE
element influence the dissociation of TIPT from the AAMLP. In addition, the BRE! element
appeared as a weak secondary binding site for TIPT. Therefore, the AAMLP sequence must be
taken as an ensemble, in which the G/C rich flanking sequences of the AAMLP TATA box
create a shape of double-stranded DNA recognized by TIPT.
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The experiments performed revealed that TIPT, TBP, and DNA form a ternary complex in
vitro. Probably, a heterodimer constituted between TIPT and TBP contacts the DNA. The
following model arises: TIPT binds the TATA box adjacent sequences probably on both sides,
bending the DNA in the same way as TFIIB does, and in addition contacts TBP which binds
the TATA DNA sequence of the AAMLP. Wolner and Gralla showed that sequences flanking
the core TATA box influence the basal level of transcription as well as the response to
activators [15]. The synergistic transcriptional activation of the AAMLP by TIPT and TBP is a
novel example for this previous finding. The fact that geminin can act on top of this must
occur through protein-protein interactions. However, TIPT and geminin are enough to activate
strongly AAMLP promoter. Thus, the following model derives from the experiment of the
present study (Figure 28A). TIPT and TBP contact each other and the DNA, and interact with

geminin constituting a complex which activates TATA-containing promoter genes.
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Figure 28. Model for effect of TIPT and geminin on TBP/TBPL1 Pol II driven transcription. (A) TIPT, geminin,
and TBP activate synergistically the AAML promoter transcription. Geminin interacts with both TBP and TIPT,
the later contacting the DNA on BRE" element of AJML promoter. (B) TIPT, geminin and TBP activate
synergically HSVTK promoter. The binding of TIPT to DNA seems not to be required. (C) TIPT, geminin and
TBPL1 activate synergistically the TATA-less NF1 promoter. Geminin contacts TBPL1 and TIPT, both
contacting the NF1 promoter.

Unexpectedly, the same synergistic effect was obtained on the TATA box-containing herpes
virus thymidine kinase reporter, even if no BRE" element was found adjacent to TATA box. It

means that TIPT-DNA interaction most probably is not necessary, and the strong stimulation
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produced by co-expression of TIPT and geminin is realized through another mechanism,
unidentified yet (Figure 28B).

The adenovirus E4 promoter, opposite to MLP, is a weak basal TATA box promoter, but is
highly responsive to activators [15]. However, TIPT has no effect on TBP binding to the
AdE4 promoter specific TATA sequence. Geminin does not bind directly to DNA, but
represses the binding of TBP to AdE4 TATA box, probably due to its strong interaction to
TBP. This effect is reversed partially by TIPT or anti-geminin antibodies. Geminin may
repress TBP-TATA box binding in a similar way to other TBP inhibitors. NC2 binds TBP
thus preventing TFIIB association and therefore preinitiation complex formation [154]. Motl
binds TBP and releases it from DNA in an ATP-dependent manner [155]. TAF;230 competes
with TFITA binding for TBP, as well inhibits TBP binding to DNA [156]. The structure of
TAF;1230 resembles the distorted TBP-bound DNA, which binds directly to the DNA binding

surface of TBP in a competitive manner [157].

5.2. TIPT and Geminin Effect on TATA-less Promoter

Ohbayashi et al. showed the alignment scores between TBPL1 and TBP for four domains in
the DNA-binding region were quite low [54]. Another study suggested that both the N- and C-
terminal repeats of TBPL1 contact DNA in a different way from TBP, suggesting that TBPL1
may not recognize the conserved TATA box [50]. Therefore, TBPL1 is not expected to bind
the TATA box sequence. Mammalian TBPL1 does not stimulate transcription in vitro for
TATA box-containing E4, AAML and Hsp70 promoters [53, 54, 56]. TBPL1 seems to repress
TBP-dependent transcription by sequestering TFIIA factors [56, 57, 63]. Recently, it was
shown that TBPL1-TFIIA complex binds in vitro to the neurofibromin promoter and TBPL1
could be found in vivo on the promoter [63]. The results from the present study revealed that
TIPT binds the NF1 sequence as monomer, and probably also as dimer. The deletion of 12 bp
containing a C/G tetramer abolished the independent binding of both TIPT and TBPL1 to
DNA, which suggests that similar to AAML promoter, NF1 promoter is bound by TIPT on a
G/C rich DNA region.

In vitro, TIPT, TBPL1 and NF1 promoter form a ternary complex. Geminin seems to enhance
the rate of stable TIPT-TBPLI-DNA ternary complex formation, without affecting the
mobility of the shift, suggesting a possible “hit and run” mechanism, previously shown in

different contexts [158-160]. The synergistic transcriptional activation of the NF1 promoter
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by TBPL1 and TIPT is similar to what was observed for the TATA box-containing promoters
of major late and thymidine kinase viruses. Geminin enhances this effect strongly, most
probably through protein-protein interactions. However, TIPT and geminin are enough to
activate significantly the TATA-less NF1 promoter. From the present study the following
model was derived for TATA-less promoters (Figure 28C). The model suggests that TBPL1
binds TIPT, both contacting DNA and geminin, together forming a complex, which activates

TATA-less promoter genes.
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Figure 29. Transcriptional roles of geminin. (A) Geminin activates AdML promoter by interaction with TIPT
and TBP (gene reporter assay). (B) Geminin activates HSV TK promoter by interaction with TIPT and TBP
(gene reporter assay). (C) Geminin activates NF1 promoter by interaction with TIPT and TBPL1 (gene reporter
assay). (D) Geminin represses TBP-AdE4 complex formation (gel shift assay). (E) Geminin represses TBPL1-
NF1 complex formation (gel shift assay). (F) Geminin binds Hox/Six3 proteins repressing their target gene
activation [87, 88]. (G) Geminin represses Hox genes activation by interaction with Polycomb group complex
[87]. (H) Geminin represses neuronal genes activation in non-neuronal cells by interaction with AP4 repressor,
SMRT and HDAC3 [94]. (I) Geminin sequesters Brgl from SWI/SNF complex and inhibits neuronal genes
activation [92].

Geminin seems to be involved in different transcription related complexes. From this study

66



Discussion

came up several examples demonstrating an activatory role. From gene reporter assays was
observed that geminin is a co-activator and modulates transcription from TATA box-
containing and TATA-less promoters together with TIPT and TBP, respectively TBPLI1
(Figure 29A-C). There are multiple evidences for a repressive role of geminin. In this study
geminin represses in vitro the formation of TBP-AdE4 complex and TBPL1-NF1 complex
(Figure 29D, E). The fact that geminin binds transcription factors preventing their activities is
not new. Geminin binds Hox and Six3 proteins and impaires activation of their target genes
(Figure 29F, [87, 88]). In addition, geminin represses gene transcription by associating with
negative chromatin remodeling factors or blocking the recruitment of positive chromatin
remodelers to target genes. Thus, geminin prevents transcription of Hox genes by directly
binding to Polycomb group complex (Figure 29G, [87]). Geminin associates with AP4
transcriptional repressor to restrict neuron-specific target gene expression in non-neuronal
cells by recruiting SMRT and histone deacetylase 3 (HDAC3) at the transcriptional level
(Figure 29H, [94]). Geminin represses transcription of neuron-specific target genes by
interacting with and sequestering Brgl, the catalytic subunit of SWI/SNF complex (Figure
291, [92)).

Thus, geminin function as transcriptional activator is new and unexpected, adding to its
function as repressor. This finding suggests that geminin is involved in many protein
complexes with different functions, cell-type- or gene-specifics. Studies describe another
chromatin remodeller, the SWI/SNF complex acting both as activator or repressor, depending

on the gene [161, 162].

5.3. TIPT May be a Common Factor for TBP- and TBPL1-Dependent
Transcriptional Activation

TBPL1 activates transcription from NF1 promoter and represses transcription from TATA
box-containing c-fos promoter by competing with TBP for TFIIA factors [63]. This inhibition
is rescued by TFIIA. TBP represses NF1 transcription however, addition of excess TFIIA
could not overcome this effect, suggesting that TBP and TBPL1 compete also for another
unknown activatory factor. TIPT binds TBP and TBPL1 transcription factors, contacts TATA
box and NF1 TATA-less promoters, and activates transcription from both promoter types.
Therefore, TIPT may play the role of this activator transcription factor, which is common for

both TATA box-containing and TATA-less promoters (Figure 30).
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Figure 30. Model for TIPT-TBP/TBPL1 interaction on DNA. TBP and TBPL1 bind to the TATA (AdML)
respectively TATA-less (NF1) promoters. TIPT binds DNA and contacts both TBP and TBPL1. In the model,
TBPL1 competes with TBP for TFIIA, thus inhibiting TBP-responsive promoters [56, 57, 63]. TBP competes
with TBPL1 for an undetermined general transcription factor/co-activator/activator to inhibit TBPL1-responsive
promoters [63]. This factor can well be TIPT (adapted from Chong et al., 2005).

6. Conclusion

In this work a previously unidentified protein, named TIPT, which was found to interact with
geminin in a two hybrid-screen, was characterized. TIPT is ubiquitous and highly expressed in
embryonic and postnatal tissues, as well as in normal and cancer cell culture lines. It is
enriched at the subcellular level in the nucleous, the cytoplasm and the centrosomes. Except
for geminin, TIPT interaction with other chromatin-associated factors (Polycomb group
complex and AF10), and with the basic transcription machinery (TBP and TBPL1) was
observed. TIPT activated endogenous and reporter Pol I transcription. In vitro, TIPT was
bound to the G/C rich DNA promoter regions and it formed complexes with TBPL1 or TBP,
and DNA. It activated reporter Pol II-dependent transcription from both TATA-less and

TATA box-containing promoters, and the binding to DNA seemed not to be necessary.
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Geminin enhanced significantly this effect, most probably due to its direct interaction with
TIPT, TBP and TBPL1. However, a geminin repressive role was also observed, inhibiting

TBP or TBPL1 binding to DNA.
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Materials and Methods

1. Isolation of Nucleic Acids

1.1. Plasmid DNA Isolation from E. coli

The plasmid DNA from E.coli was extracted using the QIAprep spin miniprep or maxiprep
kits (Qiagen), according to the instructions of the manufacturer. Then, the plasmid DNA
concentration was measured using a BioPhotometer (Eppendorf).

For cell transfection the maxiprep DNA was further extracted with 1 volume of
phenol/chloroform/isoamylalcohol (PCIA) (25:24:1), followed by 13,500 rpm centrifugation
using Centrifuge C5417 (Eppendorf) for 2 minutes. The supernatant was carefully collected
and subjected to 1 volume of chloroform extraction once, followed again by centrifugation
and supernatant collection. Then, the DNA was precipitated with 0.7 volume of isopropanol,
0.1 volumes of 3 M natrium acetate (NaAc), pH 5.2 and 1ul 10 mg/ml glycogen at —20 °C for
15 minutes. Afterwards, the DNA was pelleted by centrifugation at 13,500 rpm for 15
minutes, washed with 300 ul 70% ethanol, centrifuged at 13,500 rpm for another 5 minutes,

air dried, and dissolved in a proper volume of Millipore H,O.

1.2. Genomic DNA Extraction from Mammalian Cells

The mammalian cells cultured in 24 wells were washed with PBS twice. Then, on the cells
was applied 1 ml of lysis buffer (100 mM Tris, pH 8.0, 200 mM NaCl, 5 mM EDTA, 0.2%
SDS) containing freshly added 10 ul of 100 ug/ml Proteinase K, and incubated in the 37 °C
room for at least 8 hours. The lysis product was spun down at 13,000 rpm for 5 minutes and
the supernatant was precipitated with 750 ul of isopropanol. The mixture was spun down
again at 13,000 rpm for 15 minutes and the supernatant was discarded. The precipitated pellet
was washed with 750 ul 70% ethanol, air dried, dissolved in 50 ul TE buffer, and incubated in

a shaker at 55 °C for 30 minutes to allow the time to redissolve the DNA.

1.3. DNA Electrophoresis and Purification from Agarose Gel

0.5-2% agarose gel was prepared by melting agarose (Invitrogen) in 1xTBE Buffer (90 mM
Tris-borate, 2 mM EDTA, pH 8.0) and subsequently adding ethidium bromide to a final
concentration of 0.3 ug/ml. DNA sample was mixed with 5xDNA Loading Buffer (25%
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Ficoll, 100 mM EDTA, 0.05% Bromophenol Blue), and electrophoresis was performed under
1-7 V/em in 1xTBE buffer. For fragment purification, the band cut down was transferred into
a small dialyse membrane pocket with 500 ul 0.5xTBE buffer. Then, the gel in the sealed
pocket underwent electro-elution in 0.5xTBE buffer under 7.5 V/cm for 20 minutes, followed
by 20 seconds with opposite polarity of electricity. After that, the eluted DNA solution from
the pocket was collected and 500 ul 0.5xTBE buffer were used to wash the pocket and
merged with 500 ul elution. This 1 ml solution was extracted by PCIA (25:24:1) once,
precipitated with isopropanol plus 3 M NaAc and 1 ul 10 mg/ml glycogen for 20 minutes at -
20 °C, followed by spinning at maximum speed in a microcentrifuge for 20 minutes. The
pellet was washed with 70% ethanol and centrifuged at maximum speed for 5 minutes. The

dried pellet was finally dissolved in 15 ul H,O.

1.4. Total RNA Isolation from Eukaryotic Cells, Embryos, or Mouse Testis

Total RNA from cultured cells or mouse embryos was isolated using RNeasy Mini Kit
(Qiagen) as described by the manufacturer. In addition, total RNA from testis was isolated
using Trizol reagent (Invitrogen), which contains guanidine isothiocyanate and phenol. The
testes were homogenized using the Polytron Power Homogenizer in 1 ml Trizol per 100 mg of
tissue. The homogenate was incubated for 5 minutes at room temperature (RT) and then the
phases were extracted using 0.2 ml chloroform per 1 ml Trizol used, shacked vigorously to
mix everything well and then incubated at RT for 2-3 minutes. The mixture was centrifuged at
12,000 g for 15 minutes, at 4 °C. The upper aqueous phase including RNA was transferred
into a fresh tube and the RNA was precipitated with 500 ul isopropyl alcohol per 1 ml Trizol
used together with 1 ul of 10 mg/ml glycogen. The sample was incubated at RT for 10
minutes followed by spinning (10 min, 12,000 g, 4 °C). The supernatant was discarded and
the residual RNA pellet was washed with 1 ml 75% ethanol/water before spinning again (5
min, 7,000 g, 4 °C). The ethanol was removed, the pellet got air-dried and the RNA was
dissolved in 30 ul RNase-free water by pipetting, followed by 10 minutes incubation at 55 °C.

1.5. Purification of Linearized DNA or PCR Products

Linearized DNA by enzymatic digestion or PCR products were purified using QIAquick PCR

Purification Kit (Qiagen) according to the instructions of the manufacturer.
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2. Modifications and Manipulations of Nucleic Acids

2.1. DIG Labeled RNA Probe Preparation

5 ug plasmid DNA was linearized by incubating with 4 ul restriction enzyme at 37 °C for 2.5
hours, purified using QIAquick PCR purification kit and eluted in 25 ul H,O. For linearization
must be avoided restriction enzymes which leave 3’ overhangs. 1 ul elution was loaded on an
agarose gel to check the linearization efficiency. The transcription reaction was assembled at
RT because spermidine present in the transcription buffer can co-precipitate the template
DNA if the reaction is assembled on ice. DIG labeled antisense RNA probes were synthesized
by incubating 1 pg linearized DNA, 2 ul 10xTranscription Buffer (Roche), 2 ul 10x DIG
RNA labelling Mix (Roche), 1 ul RNasin (40U/ul) (Promega), 1 ul RNA polymerase (T3, T7
or SP6) (Roche), and 13 ul DEPC-H;O in a total volume of 20 ul at 37 °C for 2 hours. Then,
the transcription product was supplemented with 30 ul H,O and purified with a G-50
Sephadex Micro Column (Amersham). 5 ul purified probe was checked on 1% agarose gel

run for 30 minutes at 70 V.

2.2. Random Radioactivelly Labeled RNA Probe Preparation

The probe prepared in this way was used for the hybridization of the pre-made Northern blot
(Ambion) in order to analyse TIPT expression. 1 ug linearized DNA template was incubated
with 2 ul 10x transcription buffer (Roche), 10 mM of rATP, rGTP, rUTP, 0.25 mM rCTP, 5
ul of [a-**P] rCTP (10 mCi/ul) (Amersham), 1 ul RNasin (40U/ul), 1 ul T3 RNA polymerase
(Roche) and DEPC-H,O0 to a total amount of 20 ul at 37 °C for 2.5 hours. The template DNA
was removed by treating with 1.5 ul DNase (1 U/ul) (Promega). Then, the transcription
product was supplemented with 30 ul H,O and purified with a G-50 Sephadex Micro Column.

2.3. Purification of Labeled Nucleic Acids and Double Stranded DNA Oligos

The DIG, respectively [a->"P] labeled nucleic acids were purified using ProbeQuant G-50
Sephadex Micro Column (Amersham). First, the resin was resuspended by vortexing the
column, then the bottom closure of the column was snapped off and the cap loosen one-fourth
turn. The column was placed in a 1.5 ml microcentrifuge tube for support, and spun at 770x g

for 1 minute to generate the sample-loading surface. The tube was discarded, the column

72



Materials and Methods

placed in a new tube and 50 ul of labeled sample (20 ul labeling reaction plus 30 ul H,O)
were slowly applied on the middle of the resin’s loading surface. The column was spun at
770x g for 2 minutes, and the purified sample was collected in the support tube. The total

amount was higher than 50 ul (approximately 60 ul).

2.4. DNA Digestion with Restriction Enzymes

10 ug DNA was incubated with 20-40 U restriction enzymes at 37 °C for 3 hours. The
reaction was incubated also O/N when enzyme was not reported to give a star activity. When
the presence of the insert was checked, 200-500 ng DNA was digested with 2-3 U restriction
enzymes by treating it with 800 W microwave for 12 seconds twice, then incubating at 37 °C
for 20 minutes. For end cutting of the PCR product, it was purified either with QIAquick PCR
Purification (Qiagen) or from the gel with QIAquick Gel Extraction Kit (Qiagen) and then

incubated with 30-60 U restriction enzymes at 37 °C overnight.

2.5. Dephosphorylation of DNA Fragment

Always the digested plasmid further used in the ligation reaction was dephosphorylated. 5’-
ends plasmid DNA dephosphorylation was performed by directly adding 1 ul Alkaline
Phophatase (1U/ul, Roche) and 1 wl Alkaline Phophatase buffer into the restriction enzyme

digestion mixture, followed by incubation at 37 °C for 1 hour.

2.6. Annealing of Complementary Single-Stranded DNAs

In a 0.5 ml PCR tube was prepared the annealing mixture which contains 5 ul each of the
complementary DNA single strand (0.1 nmol/ul, IBA), 2 ul 10xTranscription Buffer (Roche),
and 8 ul H,O in a total volume of 20 ul. This annealing mixture was heated at 95 °C for 5
minutes and slowly cooled down to 25 °C in an incubator (Eppendorf). Then, the annealed

double-stranded DNA fragment was directly used for ligation after a series of dilutions (1:1,

1:100, 1:1000).
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2.7. Ligation

The ligation reactions were performed in a PCR tube by mixing 1 ul 10xT4 DNA ligase
buffer (MBI Fermentas), 25-100 ng purified vector fragment, 3-10 fold (molecular ratio) of
purified insert fragment, 1 ul 10xT4 DNA ligase buffer (MBI Fermentas), and 1 ul T4 DNA
ligase (3 U/ul, MBI Fermentas) in a total volume of 10 ul. This ligation mixture was

incubated at RT for 30 minutes-1 hour, or at 16 °C overnight.

3. Polymerase Chain Reaction (PCR)

3.1. Standard and Genomic PCRs

The TaKaRa LA Taq system (TaKaRa) was used for standard and genomic PCR. In this
system, primers should be 22-26 nucleotides with Tm higher than 68 °C. The reaction mixture
contained 1 ul template DNA (10 pg-1 ng plasmid DNA, or 200 ng genomic DNA), 1 ul 10
pmol/ul forward primer, 1 ul 10 pmol/ul reverse primer, 5 ul 10xLA PCR Buffer, 5 ul 25
mM MgCl,, 4-8 ul 2.5 mM dNTPs, and 0.5 ul LA Taq Polymerase (5U/ul) in a total volume
of 50 ul. The thermocycling program (Table 6) was carried out using Mastercycler Gradient
(Eppendorf). If the PCR product was directly inserted into pGEM-T Easy T/A vector
(Promega) or pDrive (Qiagen), 1 ul Taq polymerase (Gene Craft) was added into the reaction

mixture immediately after the Step 5 final elongation and incubated at 72 °C for 30 minutes.

Step Temperature Duration

1. Initial Denaturation 94 °C 1 minute

2. Denaturation 98 °C 10 seconds

3. Annealing and Elongation 68 °C 1-10 minutes (about 1 minute/kb)

4. Go to Step 2, Repeat 29 to 39 times (30-40 cycles)
5. Final Elongation 72 °C 3-15 minutes

Table 6. The thermocycling program for genomic PCR using LA Taq system.

3.2. RT-PCR

The reaction was performed in two different ways, either using the One-Step RT-PCR Kit
(Qiagen) according to the manufacturer instructions or using a two-step RT-PCR method. For

the latter, a first strand cDNA was produced, which was further amplified in a PCR reaction.
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The first strand ¢cDNA was synthesized using the First-Strand cDNA Synthesis Kit
(Amersham). The RNA was heated for 10 minutes at 65 °C to denature, and then chilled on
ice. A master mix containing 11 ul of Bulk first-strand reaction mix, 1 ul of hexarandom
primer pd(N)6, 1 ul of DTT was freshly prepared. 20 ul of RNA representing an amount of 5
ug were added to the mixture pipetting everything up and down several times and further

followed by 1 hour incubation at 37 °C to allow the reverse-transcription reaction.

4. Transformation of E. coli

4.1. Preparation of Electrocompetent Cells

The electrocompetent cells, which were used for plasmid DNA transformation, were prepared
from an E. coli DHS5a strain (Invitrogen). Briefly, two single colonies of DH5a strain were
inoculated in 2x10 ml Luria-Bertani medium (LB, autoclaved prior usage at 121 °C for 20
min, containing 10 g tryptone, 5 g yeast extract, 10 g NaCl and ddH,0 up to 1 liter) and grown
overnight at 37 °C. with shaking 250 rpm. These overnight precultures were inoculated into
2x1 liter prewarmed LB medium and cultured then at 37 °C shaking to mid-log phase till
0.D.600 reached 0.6-0.8 (about 3 hours). The cells were chilled on ice for 10-30 minutes, and
then spun at 5,000 rpm at 4 °C for 20 minutes. The supernatant was discarded and each pellet
coming from 1 liter culture was washed with 1 liter prechilled water (1:1 wash) and then
centrifuged at 5,000 rpm at 4 °C for 20 minutes. The supernatant was removed and each pellet
was washed with 100 ml prechilled 10% glycerol (1:10 wash), and then centrifuged at 6,000
rpm (Sorvall HS-4 rotor) at 4 °C for 10 minutes. Again, the supernatant was discarded and
each pellet was washed with 20 ml prechilled 10% glycerol (1:50 wash) and centrifuged at
6,000 rpm at 4 °C for 10 minutes. Next, each pellet remained after discarding supernatant was
washed with 2 ml prechilled 10% glycerol (1:500 wash), and then centrifuged at 6,000 rpm at
4 °C for 5 minutes. The supernatant was carefully removed and each pellet was resuspended
in 2-3 ml 10% glycerol. 50 ul or 100 ul resuspension was aliquoted into each tube on ice,

frozen in liquid nitrogen, and stored at —80 °C.

4.2. Preparation of Competent Cells for Heat Shock Transformation

These cells were prepared from an E. coli DH5o. or HB101 strain (Invitrogen) by calcium

chloride treatment. Briefly, one colony was inoculated in 5 ml LB medium and grown
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overnight at 37 °C. This pre-culture was inoculated in 50 ml LB medium. Cells were grown to
mid-log phase (ODgpo of 0.7). Next, they were harvested for 10 min at 2,000 rpm and
resuspended in 25 ml of ice-cold 50 mM CaCl, After centrifugation for 10 min at 2,000 rpm,
cells were treated with 3 ml of ice-cold 50 mM CaCl, supplemented with 10% glycerol,
aliquoted (50 and 100 pl), shock-frozen in liquid nitrogen and stored at —80 °C.

4.3. Transformation of E. coli by Electroporation

50 ul competent cells were thawed on ice and transferred into a prechilled 0.1 cm electrode
Gene Pulser Cuvette (Bio-Rad). 1 ul DNA solution (1 ng/ul) or 1.5 ul ligation product was
added directly into the competent cells and mixed well by gently flicking. Then, the surface of
the cuvette was completely dried and the electroporation was performed using Gene Pulser
(Bio-Rad) under the condition of 1.8 kV for voltage, 200 Q for resistance, 25 uF for
capacitance. Afterwards, 950 ul prewarmed LB medium was immediately supplied to the
electroporated E. coli for recovery. The cells were recovered at 37 °C rotating for 1 hour,
followed by plating 100 ul and 900 ul (the 900 ul are centrifuged for 2 minutes at 3000 rpm,
and the pellet is resuspended in 100 ul LB) on separate plates.

4.4. Transformation of E. coli by Heat Shock

50-100 ul competent cells were thawed on ice and transferred into a Falcon 2059
polypropylene tube (BD Falcon). 10 ng pure DNA or 10 ul ligation product were directly
added into the competent cells and mixed well by gently flicking. The mixture was incubated
on ice for 30 minutes, heat shocked at 42 °C for 1 minute, and incubated on ice for 1.5-2
minutes. Then, 900 ul prewarmed LB or SOC medium (Invitrogen) were supplied to the heat
shocked cells, and incubated at 37 °C rotating for 1 hour. The recovered cells were

subsequently spun down at 3,000 rpm for 2 minutes, resuspended in 200 ul medium and

plated.
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5. Protein Purification and Analysis

5.1. Protein Purification

5.1.1. GST-Fused Recombinant Protein Expression and Purification

For expression purpose, E. coli chimiocompetent cells were prepared from BL21DE3-RIL,
BL21DE3 C41, XL-1Blue strains, and electrocompetent cells from Rosetta (DE3) strain. Full-
length TIPT was inserted into pGEX-KT vector (Amersham) which containins a Thrombin
cleavage site, between Xhol and HindlIIl sites in frame with GST. The mutated TIPT for
geminin binding site was obtained by mutagenesis of this initial pGEX-KT-TIPT plasmid
with the adequate primers. pGEX-KT-TIPT or pGEX-KT-TIPT mutated constructs were
either heat shock transformed into BL21DE3-RIL, or transformed by electroporation into
Rosetta (DE3) E.coli bacterial strains. Following transformation, the cells were used to
inoculate a starter culture of 50 ml LB supplemented with the appropriate antibiotics for
selection: ampicilin and chloramphenicol for Rosetta strain, and ampicillin for BL21DER-
RIL. The antibiotics used in this study had the following concentrations: 25 pg/ml
chloramphenicol (Boehringer) and 100 pg/ml ampicillin (Sigma). The culture was grown for
3-4 hours at 37 °C with shaking at 250 rpm. From the starter culture were inoculated 10 pl in
100 ml LB medium with required antibiotics and were grown overnight at 37 °C, with shaking
at 150 rpm. Next, 150 pl from the overnight culture were inoculated in 1.5 1 fresh LB medium
supplemented with the required antibiotics. Cells were grown in 5 1 shaking culture flasks at
37 °C and 150 rpm to reach ODgoo of 0.4. Then, the culture was transferred to 17 °C
incubator, cultured to mid-log phase (ODggo of 0.6-0.7), and induced by addition of 0.2 mM
isopropyl-B-D-thiogalactopyranoside (Sigma). The cells were grown at 17 °C, with 140 rpm
shaking overnight (15-16 hours) and harvested in 11 plastic flasks at 5,000 rpm at 4 °C for 25
minutes. The supernatant was discarded slowly, and the pellet with the remaining medium
was resuspended and transferred into 50 ml Falcon tubes. The resuspension was centrifuged at
4,000 rpm, 4 °C, for 30 minutes and the supernatant obtained was discarded. The cell pellet
was frozen at —80 °C overnight. The pellet from 1.5 | culture was resuspended in 40 ml
protein lysis buffer (50 mM Tris, pH 7.5, 500 mM NaCl, 2 mM EDTA, 5 mM DTT, 10%
glycerol, freshly added 1 mM PMSF and Complete-EDTA protease inhibitor tablet (Roche))
on ice. To the resuspension was added lysosyme 10 mg/10 ml resuspension solution and was

incubated on ice for 30 minutes. This step was especially important for lysis of Rosetta strain
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cells. The resuspension was then sonicated on ice for 6 x 20 pulses with 1-2 minutes break
between each round of 20 pulses, with 1 cm tip using Cell Disruptor B15 (Branson Sonifier)
under the condition of Output Option 5 and 50 % Duty Cycle. The lysate was centrifuged at 4
°C for 1 hour at 15,300 rpm. The supernatant was immediately removed after centrifugation
has finished and incubated with 1.2 ml prewashed Glutathione Sepharose 4B (Amersham) at 4
°C on the rotating wheel for 2-5 hours. The mixture was centrifuged at 800 rpm at 4 °C for 5
minute and the supernatant was discarded. A 10 ml column (Pierce) was equilibrated with
washing buffer 1 (50 mM Tris, pH 7.5, 200 mM NaCl, 2 mM EDTA, 5 mM DTT, 2%
glycerol and freshly added protease inhibitors), in the 4 °C room. The beads were applied to
the column and washed with 15 ml of wash buffer 1. Then the washing continued with 40 ml
of wash buffer 2 containing 1 M NaCl without protease inhibitors. The elution was done 3
times, each time with 2 ml elution buffer (50 mM Tris, pH 8.0, 20 mM Glutathione 140 mM
NaCl, 2 mM EDTA, 5 mM DTT, 2% glycerol supplemented with protease inhibitors) rotating
end-over-end for 20 minutes at RT. The elutions were collected and the protein concentrations
were measured by Bradford Assay (Bio-Rad), in which 10 ul of protein elution were mixed
with 790 ul H,O and 200 ul Bradford Reagent. For the blank were considered 10 ul of elution
buffer. O.D.s9s of the sample was measured and the concentration of protein was determined
according to the standard curve. The proteins were dialyzed in Slide-A-Lyzer dialysis
cassettes (Pierce), in buffer without glutathione at 4 °C. The purified protein was aliquoted,

shock-frozen in liquid nitrogen and stored at —80 °C.

5.1.2. Thrombin Cutting of GST-Fused Recombinant Protein

TIPT protein was obtained by cutting on the glutathione sepharose matrix the GST-TIPT
bound protein with 50 U Thrombin in 1 ml thrombin cutting buffer (50 mM Tris, pH 7.5, 200
mM NaCl, 2 mM EDTA, 5 mM DTT, 2% glycerol) without PMSF because inhibits thrombin
activity. The cutting was performed at 4 °C. The eluat was collected and 4 more elutions were
performed, by washing the column with washing buffer described above. The elutions were

passed over a column prepared with Benzamidine beads (Amersham) to remove the thrombin.

5.1.3. TIPT Protein for Rabbit Immunization
All the protein obtained after cutting with thrombin was loaded on a preparative 15% SDS-
PAGE gel, stained with Coomassie blue. The presence of the protein was confirmed by mass

spectrometry analysis. The appropriate band was removed from the gel, and the protein was
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further electroeluted from the gel slices at 75 V overnight using Elutrap Electroelution system

(Bio-Rad) and BT1 and BT?2 filter membranes (Schleicher and Schuell).

5.2. Protein Extraction

5.2.1. Total Protein Extraction from Mouse Embryos

Day 8.5 p.c. mouse embryos from 4 mice were dissected out from the uterus in cold PBS, and
solubilized in 600 ul lysis buffer (20 mM Tris, pH 7.5, 100 mM KCI, 2 mM EDTA, 1%
Triton X-100, 1 mM pB-mecaptoethanol, and freshly added protease inhibitor) on ice, using
glass homogenizer. The tissue was sonicated 5x8 pulses with 1-2 minutes break between each
round of 8 pulses, with 1 c¢cm tip using Cell Disruptor B15 (Branson Sonifier). The lysates
were centrifuged at 13,000 rpm at 4 °C for 15 minutes, and the supernatant was collected. The
protein concentration of the soluble extracts was measure at absorbance of 280 nm by
BioPhotometer (Eppendorf) and normalized by BSA standards. The total protein extracts were

aliquoted, frozen in liquid nitrogen, and stored at —80 °C.

5.2.2. Total Protein Extraction from Mouse Testis

Testis from mice different post partum days were dissected out in cold PBS. The testis were
resuspended in 300 ul lysis buffer (50 mM Tris, pH 7.5, 100 mM NaCl, 5 mM MgCl,, 2%
Triton X-100, 2% SDS, and protease inhibitors) for mice day 7 and 11 pp, 600 ul for testis
from mice day 15, 17, 19, 21 pp and 800 ul lysis buffer for testis from mice day 23, 25, 30 pp
and adult. The tissues were sonicated 3x 20 pulses with 1-2 minutes break between each
round of 20 pulses, with 1 cm tip using Cell Disruptor B15 (Branson Sonifier) under the
condition of Output Option 5 and 50% Duty Cycle. The supernatant was measured to

determine the protein concentration, aliquoted, frozen in liquid nitrogen and stored at -70 °C.

5.2.3. Total Protein Extraction from Cells

The cells grown in 24 wells were washed with cold PBS and trypsinized. The cells coming
from 2-3 wells were collected in a 2 ml Eppendorf tube and centrifuged at 1,000 rpm at 4 °C
for 5 minutes. The pellet was washed twice with cold PBS, and boiled in 30 ul 2xSDS-LB for
5 minutes and further stored at -20 °C.

Alternatively, the human or mouse cells untransfected, transiently or stable transfected, were

grown in 10 or 15 cm dish. The cells were washed twice with 7 ml/10 cm dish or 15 ml/15 cm
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dish cold PBS. The cells were scraped in ice cold PBS with a rubber policeman, collected into
a 50 ml Falcon tube and were centrifuged at 1,500 rpm at 4 °C for 5 minutes. The supernatant
was discarded and the pellet was resuspended in 1 ml cold PBS and transferred to 1.5 ml
Eppendorf tube. The cells were centrifuged again at 1,500 rpm at 4 °C for 5 minutes and the
pellet was resuspended in 1 ml lysis buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 1% NP-40, 1
mM PMSF and Complete-EDTA protease inhibitor tablet (Roche)), passaged seven times
through 20, 23 and 27 gauge needles followed by incubation on the rotating wheel at 4 °C for
30 minutes. The cell lysate was centrifuged at 14,000 g at 4 °C for 15 min and the supernatant
was transferred into new Eppendorf tubes and protein concentration was measured by
Bradford assay. The lysate must be diluted at least 1:10 in order to determine accurately the
protein concentration. The extract was aliquoted and shock-frozen into liquid nitrogen and

stored at -70 °C. This type of extract was further used for immunoprecipitations.

5.2.4. Nuclear and Cytoplasmic Protein Extraction from Cells

The cells grown on 10 or 15 cm dish were washed twice with 10 ml ice cold PBS, and then
harvested with a rubber policeman in 10-15 ml ice cold PBS and collected to a 15 ml Falcon
tube. The cells were centrifuged at 2,000 rpm without brake, for 5 minutes at 4 °C. The cell
pellet was further resuspended in about 1 ml cold PBS, transferred to an Eppendorf tube and
centrifuged at 2,000 rpm, at 4 °C for 5 minutes. The packed cell volume was determined
(PCV is about 150-200 ul/ 15 cm dish). The packed cells were resuspended in 1 PCV of
Roeder A buffer (10 mM Tris pH 7.9, 1.5 mM MgCl,, 10 mM KCl, 0.5 mM DTT, 1 mM
PMSF and Complete-EDTA free protease inhibitor cocktail (Roche)) and incubated on ice for
15 minutes to allow cells swelling. The cells were lysed by rapidly pushing them 7 times
through 1 ml syringe with a narrow gauge needle (25 g). The nuclei were collected by
centrifugation for 1 minute at 4 °C and 13,000 rpm. The supernatant representing the
cytoplasmic fraction was transferred to a new tube and was supplemented with 0.11x volume
of 10x cytoplasmic extract buffer (Roeder B) buffer (300 mM HEPES/KOH pH 7.9, 1.4 M
KCl, 0.03 M MgCl, supplemented with 1| mM PMSF and protease inhibitor cocktail). This
fraction was centrifuged at 30,000 g for 30 minutes at 4 °C and S30 supernatant extract was
obtained. The nuclear pellet obtained in the previous step was resuspended in 2/3 of one PCV
of Roeder C buffer (20 mM HEPES pH 7.9, 25% (v/v) glycerol, 420 mM NaCl, 1.5 mM
MgCl,, 0.2 mM EDTA, 0.5 mM DTT, 1 mM PMSF and Complete-EDTA free protease
inhibitor cocktail (Roche)) and incubated for 30 minutes at 4 °C with stirring (200-300 rpm
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range). The lysate was spun down at 13,000 rpm for 5 minutes at 4 °C to pellet the cell debris.
The supernatant representing the nuclear extract was dialyzed against buffer D (20 mM
HEPES pH 7.9, 10% (v/v) glycerol, 100 mM KCI, 1.5 mM MgCl,, 0.2 mM EDTA, 0.5 mM
DTT, 1 mM PMSF and Complete-EDTA free protease inhibitor cocktail (Roche)) for 2 hours
at 4 °C in Slide-A-Lyzer Mini dialysis units (7,000 MWCO cut-off) (Pierce). The protein
concentration was determined by Bradford assay and the extracts were shock-frozen in liquid

nitrogen and stored at -80 °C.

5.2.5. Microsomal Extract for Protease Protection Assay

HeLa cells from 5x10 cm dish grown to 90% confluency were washed with PBS, trypsinized
and pelleted at 1,000 rpm for 5 minutes at 4 °C. The cell pellet was resuspended in 1 ml cold
PBS and was spun down again. The pellet obtained was washed in 1 ml microsomal buffer (3
mM Imidazole pH 7.4 and 250 mM sucrose without protease inhibitors), and spin down at
1,000 g for 5 minutes at 4 °C. The cells were disrupted by passage very slowly 10x 20 g, 10x
23 g and 10x 27 g needles in 1 ml microsomal buffer. The lysate was spun down at 3,000 g
for 15 minutes and a large pellet was obtained. The pellet was resuspended in 920 ul
microsomal buffer, 1290 ul 2xSDS-LB and 220 ul 1M DTT. The supernatant was split into
two 500 ul samples. One sample was treated with protease inhibitor cocktail, and the other
with trypsin (Trypsin PM, Serva). Before adding trypsin, the protein concentration was
measured by Bradford assay (1.85 mg/ml). The sample was treated with trypsin and 0.07 mg
trypsin/mg protein was added (10 mg/ml trypsin stock solution in microsomal buffer, pH
adjusted with HEPES 0.1 M till pH 7.4). The sample was incubated for 30 minutes at RT. The
reaction was stopped by addition of 64.8 ul trypsin inhibitor from soyabean (Sigma) (trypsin
inhibitor: trypsin is 10:1). Both samples were ultracentrifuged in Beckman ultracentrifuge
S150 AT rotor at 100,000 g for 1.5 hours, at 4 °C. The supernatants concentrations were
measured (1 ug/ul for supernatant-proteinase inhibitor sample, and 1.6 ug/ul for supernatant-
trypsin treated sample) and 10 ug of protein for each sample were taken and boiled with
2XSDS-LB. The pellets obtained were resuspended in 20 ul microsomal buffer, 30 ul
2XSDS-LB with 5 ul 1M DTT. The samples (3,000 g pellet-10 ul; 100,000 g supernatant
proteinase inhibitor sample-20 ul; 100,000 g pellet proteinase inhibitor sample-15 ul; 100,000
g supernatant trypsin sample-20 ul; 100,000 g supernatant trypsin sample-20 ul) were loaded
on a SDS-PAGE gel, Western blotted and TIPT distribution in cell was determined by using
anti-TIPT antibodies.
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5.3. In vitro Transcription/Translation

For in vitro transcription/translation, cDNA fragment with single ATG was cloned into pSP64
vector (Promega), maxipreped and further purified by phenol-chloroform. The assay was

performed using TNT Reticulocyte Lysate System (Promega).

5.4. Protein Analysis

5.4.1. Protein Gel Electrophoresis

SDS-polyacrylamide gels were prepared using Protean II gel preparation system (Bio-Rad).
The SDS-PAGE gel was usually prepared with 10% separating gel and 5 % stacking gels. For
separating gel preparation was used 4X Separating gel buffer, pH 8.8 (1.5 M Tris, pH 8.8,
0.4% SDS), and for the stacking gel was used 4X stacking gel buffer, pH 6.8 (0.5 M Tris, pH
6.8, 0.4% SDS). A protein sample was mixed with the same volume of 2xSDS loading buffer
(125 mM Tris, pH 6.8, 20% glycerol, 0.02% bromophenol blue, 2% [-mercaptoethanol, 4%
SDS), and heated at 95 °C for 5 minutes or in boiling water for 3 minutes. Electrophoresis
was performed in 1xSDS buffer (25 mM Tris-base, 0.1% SDS, 192 mM glycine, pH 8.75)
under 20 mA/gel, following 30 minutes preelectrophoresis under the same condition. Then,
the gel was either subjected to Western blotting directly, or fixed in fixation solution (45%
methanol, 7.5% acetate) for 5 minutes and stained with Coomassie blue staining solution
(0.25% Coomassie brilliant blue R 250, 45% methanol, 10% acetate; or 0.1% Serva R 250,
50% methanol, 10% acetate) at RT for 0.5-1 hour. The Coomassie stained gel was

subsequently destained with 10% acetate for several hours or overnight.

* Separating gel (10%)-volume ~ 30ml  Stacking gel (5%) -volume ~ 10ml

" 4X Separating bufferpH88 ~ 75ml  4XStackingbufferpH6.8  25ml
30% Acrylamide-bisacrylamide solution (AA) 10 ml 30% AA 1.66 ml
dH,0 12.3 ml dH,0 5.84 ml
APS 10% 0.1 ml APS 10% 50 ul
TEMED 0.1 ml TEMED 25 ul

Table 7. SDS-PAGE gel preparation.

5.4.2. Western Blotting
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Western blotting and subsequent immunostaining were performed using primary antibodies
presented in table 10 (appendix section). During the gel electrophoresis were cut a Protran
Nitrocellulose Transfer Membrane (Schleicher & Schell BioScience) and 4 pieces of
Whatman paper into a similar size to the gel, with the Whatman paper slightly larger. When
the gel was stopped, the membrane and the papers were presocked in blot buffer (48 mM Tris-
base, 3.9 mM glycine, 0.037% SDS, 20% methanol). Between two double-layered presocked
Whatman papers, the SDS-polyacrylamide gel was placed tightly onto a presocked
nitrocellulose membrane avoiding any air bubble in between, with the membrane close to the
anode and the gel close to the cathode. This sandwich including Whatman paper, gel, and
membrane was tightly pressed together into a clamp. Wet electroblot transfer was performed
in blot buffer using Western blotting system (Bio-Rad) under 15 V overnight or under 30 V
for 2 hours with a cooling chamber. The membrane was removed from the transfer apparatus
into a plastic tray containing Western buffer A (10 mM Tris, pH 7.4, 0.9% NaCl, 0.05%
Tween 20). The transfer was checked by staining with 0.1% Ponceau S, followed by
destaining with buffer A. Then the membrane was blocked in blocking solution (1-5% low fat
milk powder in Western buffer A) at RT for 1 hour, rocking on a rocky machine (Biometra).
The primary antibodies were applied in the right concentration, diluted in 1-5% blocking
solution, and the membrane was further incubated at 4 °C with shaking overnight (preferred)
or at RT rocking for 1-2 hours. The membrane was washed at RT by rocking with the buffers
in the following sequence: buffer A, buffer B (0.9% NaCl, 0.5% Triton X-100, 0.1% SDS),
buffer B, buffer A (10 minutes each washing step). The secondary HRP-conjugated antibodies
were applied in the required concentrations, diluted in 5% blocking solution at RT rocking for
40 minutes. Then, the membrane was washed again in the same way as described before. The
signal was detected using Pierce ECL Western Blotting Substrate Kit (Pierce). The substrate
working solution was prepared by mixing equally 500 ul of Oxidizing Reagent and 500 ul
Enhanced Luminol Reagent as the chemiluminescent substrate for HRP, and the mixture was
distributed onto the membrane. The chemiluminescence was observed by exposing the
membrane for 10 seconds to 20 minutes to a Lumi-Imager (Boehringer Mannheim) or to CL-

XPosure films (Pierce) followed by developing with the Curix 60 developing machine (Agfa).

5.4.3. N-Terminal Coupling of Protein
GST-TIPT recombinant protein was N-terminally coupled to agarose matrix at 4 °C using

AminoLink Plus Coupling Gel Kit (Pierce) according to the instructions of the manufacturer.
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5.4.4. Antibody Purification from Crude Serum

The crude anti-TIPT rabbit antiserum was purified by chromatography at 4 °C using the
affinity purification protocol described for SulfoLink Kit (Pierce). For this purpose, 5 mg of
GST-TIPT recombinant protein were N-terminally coupled and used for antibodies

purification from 25 ml of antiserum.

5.4.5. Antibody Purification Using Blotted Antigen

GST-TIPT protein was loaded onto several preparative gels (single well) SDS-PAGE gels.
The protein was electroblotted onto Nitrocellulose membranes. The blots were transferred in
water and further stained briefly with Ponceau S in order to visualize the protein. The protein
bands were cut out and either stored dried between Whatman papers or washed with copious
amount of water or Western buffer A until the Ponceau staining was gone. The membranes
were blocked with 5% milk powder in Western buffer A for 30 minutes at RT, and then
washed for 5-10 minutes with buffer A. The anti-TIPT crude crude serum was filtered through
a 0.45 um diameter filter and buffered with 1/10 PBS 10X, pH 8.0. The blots were transferred
into a plastic tray with many slots, each slot having a volume of about 5 ml and incubated
with serum (5-10 ml) at 4 °C for at least 4 hours, or at RT for 1-2 hours, with shacking. The
serum was collected and the strips were washed one time with Western buffer A for 10
minutes. The washing continued one more time with buffer A for up to 30 minutes, and then
with PBS, pH 8.0 for 5 minutes. An Eppendorf tube containing 40 ul of 1 M Tris HCL, pH 9.5
was prepared on ice. The PBS was soaked from the slots and all the strips were transferred
into one slot. The bound antibodies were eluted with 500 ul 100 mM glycine, pH 2.5, for 1-2
minutes. The elution was immediately transferred into the Tris buffer to neutralize the
antibody, preventing their denaturation. The elution was repeated 1-2 more times. The
antibodies concentration was measured by Bradford assay, using as blank 30 ul of glycine in
Tris buffer solution. Next, the antibodies were dialyzed in PBS, pH 8.0, O/N and the next day
aliquoted and stored at -80 °C.

5.5. Casein Kinase II Assay

2 ug GST-TIPT and GST proteins were incubated with 30 ul (80%) gluthatione beads in the
same way as for the pull-down assay. The incubation was performed overnight, at 4 °C, end-

over-end. The beads were washed with CKII kinase buffer (20 mM Tris, pH 7.5, 350 mM
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NaCl, I mM EDTA, 2 mM DTT, 0.1% Triton X-100) three times. In 50 ul reaction the beads
were mixed with 5 ul 10x CKII reaction buffer (200 mM tris, pH 7.5, 50 mM KCl and 10 mM
MgCly), CKII (1-10-100 units), 2 ul y[**P]-dATP 10 uCi/ul and water. The reaction was
incubated at 30 °C for 1 hour. Then, the beads were washed in association buffer (0.05%
Triton X-100 in PBS) for three times. The proteins were eluted from the beads by boiling for
5 minuted in 20 ul 2xSDS-LB. The samples were loaded on 10% SDS-PAGE gel. The gel
was stained with Coomassie blue and immediately fixed in a developing cassette (wet, not
dried), and exposed to a BioMax film (Kodak) at —80 °C overnight. The film was developed

with Curix 60 developing machine.

6. Yeast Two-Hybrid Screen

The yeast two-hybrid screen was performed using ProQuest Two-Hybrid System (Gibco
BRL) according to the instructions of the manufacturer. Briefly, the full-length TIPT was PCR
out from pPC86-TIPT plasmid and cloned in frame with the Gal4 DNA binding domain in the
pDBLeu vector, between Sall and Notl enzymatic restriction sites. Then, pDBLeu-TIPT
construct used as bait was transformed into yeast strain MaV203 containing HIS3 and /lacZ
reporter genes. After the self-activation was checked, was determined the concentration of 3-
Amino-1, 2, 4- Triazole (3AT) required to titrate basal His3 expression level. The mouse 8.5
dpc cDNA library, cloned in frame with Gal4 DNA activation domain in pPC86 vector (Gibco
BRL), was retransformed in FE.coli bacteria due to the fact that the amount of DNA was
insufficient for yeast transformation. Sequentially, the cDNA library was heat shocked in the
pre-transformed pDBLeu-TIPT MaV203 yeast strain. About 6x10° clones were screened on
plates lacking leucine, tryptophan and histidine, and supplemented with 50 mM 3AT. 428
independent colonies were selected out from the first round of screen. Then, all these clones
were applied to the second round of screen in which beta-galactosidase activity was assayed
for every clone, being selected according to their ability to activate the /acZ gene. From this
step, 88 positive cDNA clones were identified: 51 strong interactors, 27 moderate, and 10
weak interactors. From all of them, yeast and bacterial DNA as well as glycerol stocks were

prepared, and plasmids DNA were sequenced.
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7. Analysis of Protein-Protein Interactions

7.1. GST Pull-Down Assay

The in vitro direct protein-protein interactions were studied using GST pull-down assays. 50
ul of Glutathione Sepharose 4B beads (40 ul bed volume) were prewashed with 500 ul protein
lysis buffer (50 mM Tris, pH 7.5, 500 mM NaCl, 2 mM EDTA, 5 mM DTT, 10% glycerol,
freshly added 1 mM PMSF and Complete-EDTA protease inhibitor tablet (Roche)). The beads
were spun down by brief centrifugation at less than 4,000 rpm for several seconds, and the
supernatants were carefully removed. Always about 50-100 ul were left above the beads bed.
For coupling, the prewashed beads were incubated with 40 ug recombinant GST-TIPT or
GST protein in 500 ul pull-down binding buffer (20 mM Tris, pH 7.5, 100 mM NaCl, 1 mM
EDTA, 0.1% NP-40, freshly added 1 mM PMSF and protease inhibitor) at 4 °C rotating
overnight. The beads were spun down by brief centrifugation and were washed twice for 10
minutes each with 500 ul pull-down binding buffer at 4 °C rotating, to get rid of the unbound
proteins. The beads were spun down after each washing step and the supernatants were
aspirated. GST-Geminin or GST coupled beads were incubated with 45 ul removed from 100
ul in vitro transcription/translation product, in 500 ul pull-down binding buffer at 4 °C
rotating for 1-2 hours. The remaining 10 ul were removed as control, mixed with 2xSDS
loading buffer and heated at 95 °C for 5 minutes. The beads were spun down and washed
twice with pull-down binding buffer at 4°C rotating for 10 minutes each step. Two more
washing steps were done in the same way with pull-down washing buffer (20 mM Tris, pH
7.5, 150 mM NaCl, 1 mM EDTA, 0.1% NP-40, freshly added 1 mM PMSF). The beads were
spun down and the supernatant was aspirated completely. The protein from the beads was
eluted with 20 ul 2xSDS loading buffer by heating at 95 °C for 5 minutes. After spinning
down, the eluates were removed and the gel was loaded with 20 ul supernatants and 10 ul
control. After electrophoresis, the gel was fixed for 3 minutes in 20% isopropanol and 10%
acetic acid and washed with water. The gel was transfered on a wet Whatman paper and dried
with a vacuum gel drier (Biometra) at 80 °C for 1 hour. The dried gel was fixed in a
developing cassette, and exposed to a BioMax film at —80 °C overnight. The film was

developed with Curix 60 developing machine.
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7.2. Immunoprecipitation

The in vivo protein-protein interactions were studied using immunoprecipitations. The
experiment was performed either by coupling the geminin antibodies to the Protein A
Sepharose (PAS) beads, or using already coupled HA antibodies to protein sepharose beads
(HA affinity matrix from Roche).

30 mg PAS CL-4B (Amersham) beads were hydrated with 500 ul PBS, pH 8.0 (about 150 ul
bed volume), and the resuspended beads were washed with 1 ml PBS twice. 200 ug purified
anti-geminin antibodies (Santa-Cruz) (200 ul) or 100 ul pre-immune serum was incubated
with up to 500 ul PBS and washed beads at RT rotating overnight. The beads were washed 4
times with 500 ul 0.2 M Na,;B4O7, pH 9.0 for 5 minutes each, and further resuspended in 600
ul 0.2 M Na;B4O7, pH 9.0. A 10 ul aliquot was saved. 3.7 mg dimethylpimelimidate (about
20 mM) was added into the resuspensions and incubated at RT rotating for 30 minutes to
crosslink the antibody with the beads. Another 10 ul aliquot was saved, and the crosslinking
reaction was stoped by washing the beads with 500 ul 0.2 M ethanolamine, pH 8.0 at RT
rotating for 2 hours, followed by washing with PBS three times for 5 minutes each.

0.6 ml mouse day 8.5 extract (2.5 mg/ml) was precleared by incubating with PAS resuspended
beads for 30 minutes at 4 °C on the rotating wheel. The beads were spun down and the 275 ul
cleared supernatant was incubated with the coupled beads and up to 600 ul protein lysis buffer
(20 mM Tris, pH 7.5, 150 mM KCIl, 1 mM EDTA, 0.1% Triton X-100, 1 mM -
mercaptoethanol, freshly added protease inhibitor) at 4 °C rotating for 2 hours. The beads
were washed with 500 ul IP washing buffer (20 mM Tris, pH 7.5, 150 mM KCI, 1 mM
EDTA, 1 mM B-mercaptoethanol, | mM PMSF, 0.1% Triton X-100) three times at 4 °C
rotating for 5 minutes each. The co-precipitated proteins were eluted in 60 ul 2xSDS loading
buffer by heating at 95 °C for 6 minutes. 20-30 ul eluted co-precipitants were loaded on a
10% SDS-polyacrylamide gel, and Western blotting was performed using anti-geminin and
anti-TIPT antibodies.

Another type of immunoprecipitation was performed using HA affinity matrix beads (Roche)
(3.5 mg HA antibodies coupled to 1 ml beads, representing 25 nmol anti-HA/ml beads (25
uM) antibodies concentration) and total or nuclear extract from HA-TIPT transiently or stable
transfected human U20S cells. As control, the beads were incubated with non-transfected

U20S cells. The PAS beads were resuspended and washed with PBS pH 8.0 as described
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before. The extracts were precleared for 30 minutes-1 hour with PAS beads. An aliquot of the
precleared extract was saved as control. 2-3 mg of cell extract were diluted in IPP150 buffer
(20 mM HEPES/KOH pH 7.9, or 20 mM Tris, pH 7.9, 150 mM NacCl, 1.5 mM MgCl,, 0.5
mM DTT, 0.05% NP-40, ImM PMSF and Complete-EDTA free proteinase inhibitor) up to
1.5 ml and incubated for 4 hours with 50 ul HA beads, at 4 °C on the rotating wheel. The
supernatant was removed after spinning down the beads by centrifugation for several seconds
at 4,000 rpm. All the time the beads were let to settle for 2-3 minutes on ice before removing
the supernatant. 5-6 washing steps with IPP150 were performed, 3 minutes each. The beads
were spun down and the supernatant was removed completely. The elution was performed in
two different ways: either by boiling the beads for 5 minutes with 50 ul 2xSDS-LB, or by
elution with HA peptide. The HA peptide was diluted at Img/ml in Tris/HCI pH 7.5 or 7.9.
The elution with HA must be performed with 60-fold excess of peptide over the antibodies.
Thus, 50 ul beads were incubated with 75 ul peptide solution and 75 ul 2x elution buffer (40
mM HEPES/KOH, pH 7.9, 300 mM NaCl, 0.1% NP-40 and 1 mM DTT) (the final
concentration of HA peptide should be 340 uM in 200 ul). The elution was performed at 4 °C
for 1 hour with end-over-end rotation. After spinning down the beads, the supernatant was
collected and boiled with 30 ul 6x SDS-LB for 5 minutes. A 10% gel was loaded with 20-30
ul eluted co-precipitants and Western blotting was performed using anti-HA, anti-geminin,
anti-TBPL1, anti-TBP, anti-TFIIA and anti-NPM antibodies. Alternatively, 50 ul eluted co-
precipitants were loaded on a 10% SDS-polyacrylamide gel, stained by Coomassie blue and

send to mass spectrometry analysis.

7.3. Peptide Array Analysis

Dr. Lingfei Luo performed this experiment befor the beginning of my PhD studies. TIPT
peptide array membrane was blocked with 10 ml blocking solution (1.5% BSA in Western
buffer A) at RT, rocking for 1 hour. Then, His-Geminin recombinant protein was added into
the blocking solution to a final concentration of 1 ug/ml, and incubated at 4 °C with shaking
overnight. Afterwards, the membrane was sequentially washed with 10 ml Western buffer A,
Western buffer B, Western buffer B, and Western buffer A for 10 minutes each. The
following steps from primary antibody staining are the same with the normal Western

blotting, except the blocking solution.
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8. Analysis of Protein-Nucleic Acids Associations

8.1. Gel Mobility Shift Assays

The in vitro protein-DNA interactions were studied using gel retardation assay. In this study
were tested the interaction of human TBP, human TBPL1 complexed with TFIIA,
recombinant GST-TIPT and His-geminin proteins with DNA. Oligonucleotides used were:
adenovirus major late promoter oligo (-40 to -16), AAMLP mutated oligos (M1-M8), AAMLP
mut (TATA box mutated), NF1 oligo (-288 to -252), adenovirus E4 oligo [57]. The sense
strand was phosphorylated by mixing 1 ul sense strand oligonucleotide (0.1 nmol) with 0.2 ul
polynucleotide kinase buffer (Roche), 3 ul y-[**P]-dATP (30 mCi) and water up to 20 ul. The
reaction was incubated at 37 °C for 45 minutes. The volume was increased to 50 ul H,O and
the labeling mixture was purified with a G-50 sephadex micro column. The approximately 60
ul of flow through were mixed with 0.1 volume 1 M KCIl and 1 ul antisense strand
oligonucleotides (0.1 nmol). The mixture was denatured at 95 °C for 10 minutes and the
annealing was performed slowly by naturally cooling down for several hours. From 1 ul
labeled double-stranded oligo was counted the radioactivity with an LS1701 counter
(Beckman). The labeled double-stranded oligo was always diluted 1:20 and approximately 0.7
ng of probe was used per binding reaction.

Different binding reactions were performed for TBP and TBPL1. The TBP binding reactions
were performed in a volume of 15 ul by mixing 3 ul 5x binding buffer (60 mM HEPES/KOH,
pH 7.6, 300 mM KCl, 15 mM DTT, 1 mM EDTA, 10% PEG-800 (w/v), 20 mM MgCl,, 40%
glycerol, 0.1% NP-40, 325 ug/ml BSA) with 100 ng/ul poly(dG-dC), 3-15 ng TBP, 1 ul hot
oligo and water. For TBPL1 the binding reactions were performed also in 15 ul by mixing Sul
3x binding buffer (60 mM HEPES/KOH, pH 7.6, 180 mM KCI, 9 mM DTT, 60% glycerol, 60
ug/ml BSA) with 200 ng BSA, 100 ug poly(dG-dC), 10-20 ng TBPL1-TFIIA complex
(purified by Prof. Dr. Martin Teichmann) [56] and water. The reactions were incubated at 30
°C for 45 minutes. The shift was performed on a 5% native gel. For 25 ml of gel were mixed
3.33 ml of 30% acrylamide-bisacrylamide 59:1, 1.25 ml glycerol, 1.25 ml 10xTBE, 25 ul 1M
DTT, 133.5 ul 10% Ammonium persulphate freshly prepared, 13.35 ul TEMED and 19 ml
water. The gel was allowed to polymerize for 1 hour and then was prerunned for 45 minutes at
200 V, at 4 °C in 0.5x TBE buffer for TBPL1 shifts, respectively 0.5 x TBE buffer
supplemented with 5% glycerol and 0.05% NP-40 for TBP shifts. The samples were loaded
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during running and the gels runned for 15 -20 minutes at 200 V (for TBP shifts), or 400 V (for
TBPL1 shifts) at 4 °C. After running, one of the glass plates was removed and the gel together
with the support glass were fixed in the cassette and exposed to a BioMax film at —80 °C for

20-40 hours. The film was developed with the Curix 60 developing machine.

8.2. Chromatin Immunoprecipitation (ChIP) Assay

Dr. Christine Mayer performed this experiment. To check whether TIPT interacts directly
with rDNA promotor, ChIP experiments were performed. 293T cells were transfected with
HA-TIPT or HA-CSB as positive control. Cells were cross-linked with formaldehyde at 60-
80% of confluency. For each immunoprecipitation, pellets from two 10 cm dishes were used.
The beads were pepared as following: HA-beads were washed twice in blocking buffer (10
mM Tris HCI pH 8.0, 2 mM EDTA, 1mg/ml BSA, 0.5 mg/ml salmon sperm), and 50% slurry
was prepared and blocked in 4 °C over night. A/G beads were washed twice with blocking
buffer, 30% of slurry was prepared and the beads were blocked in 4 °C for 40 min. Pellets
from 2 dishes were combined and cells were lysed in 500 ul of cell lysis buffer (5 mM
HEPES pH 8.0, 85 mM KClI, 0.5% NP-40, protease inhibitors). Then, nuclear lysates were
prepared using 300 ul of nuclear lysis buffer (50 mM Tris HCI pH 8.0, 10 mM EDTA, 1%
SDS, protease inhibitors). Sonication was performed twice for 20 min, 15 s on/off. For
preclearing 150 ul of chromatin, 600 ul of IP dilution buffer (0.01% SDS, 1.1% Triton X-100,
1.2 mM EDTA, 16.7 mM Tris HCI pH 8.0, 167 mM NaCl) and 60 ul of 30% A/G beads
slurry were used. Samples were incubated at 4 °C for 1h 20 min on the wheel. 35 ul of
precleared chromatin was taken as input. For immunoprecipitation 350 ul of chromatin, 400
ul IP dilution buffer and 15-30 ul 50% HA-beads slurry were incubated 5.5 hours in 4°C on
the wheel. Beads were washed twice with 800 ul of: low salt wash buffer (0.1% SDS, 1%
Triton X 100, 2 mM EDTA, 20 mM Tris HCI pH 8.0, 150 mM NaCl), high salt wash buffer
(0.1% SDS, 1% Triton X 100, 2 mM EDTA, 20 mM Tris HCI pH 8.0, 500 mM NaCl), LiCl
wash buffer (10 mM Tis HCI pH 8.0, 2500 mM LiCl, 1% NP40, 1% deoxycholic acid, ImM
EDTA) and TE. After low salt wash buffer beads were transferred to fresh tubes. Samples
were decross-linked over night. After that DNA was purified on the columns using QIAEX
PCR purification kit (QTAGEN). DNA was eluted with 60 ul of 10 mM Tris HCI pH 8.0.
ChIP PCR reaction was made using 2xPCR master mix, DMSO and following primers:

- for IDNA human promoter: forward —150 bp, reverse +130 bp
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- for human coding region: forward +8124 bp, reverse +8246 bp

DNA template was diluted 3 times and 3 or 9 ul were used for PCR. Input DNA was diluted
100 times. PCR program: 94°C/5 min; 29 cycles (94°C/30 sec; 50°C/30 sec; 72°C/30 sec);
72°C/7 min; 4 °C/oo. 12 ul of each PCR product was loaded on the 2% agarose gel and

electrophoresis was running for 20 min.

9. Cell Culture and Immunocytochemistry

9.1. Cell Revival

Cells from liquid nitrogen were revived in a 37 °C water bath as quickly as possible (3-4
minutes), then transferred gently into a 15 ml Falcon tube containing 5 ml proper culture
medium, and centrifuged at 1,000 rpm for 5 minutes. The supernatant medium was aspirated,
3 ml fresh medium was added to the cell pellet and pipetted up and down for about 15 times to
break cell aggregates. Then, the cell resuspension was distributed in a 10 cm petri dish
containing 7 ml culture medium (10 ml in total). The dish was gently shaken left- right and
backward- forward to achieve equally distribution of cells. Then, the cells were cultured in a

BBD 6220 incubator (Heraeus) at 37 °C and 5% CO, concentration.

9.2. Cell Passage and Freeze

The cells cultured on 10 cm dish were passaged when reached 70- 95% confluency. First, the
growth medium was aspirated and the cells were washed with 5 ml prewarmed PBS, which
was then aspirated from the dish. 2.5 ml 1xTrypsin-EDTA solution (Gibco BRL) was equally
distributed onto the washed cells, and cells were incubated at 37 °C for about 2 minutes. The
dish was shaken until all the cells became floating. 7.5 ml culture medium was added to stop
the trypsin digestion, pipetted up and down for several times to blow the cells, and then
transferred into a 15 ml Falcon tube. Centrifugation was carried out at 1,000 rpm for 5
minutes to pellet the cells, followed by aspiration of the supernatant.

For passage, the cell pellet was resuspended in 6 ml culture medium by pipetting 15 to 20
times to break cell aggregates. 1 ml resuspension was finally equally distributed into a 10 cm
dish containing 9 ml medium (1:6 dilution), gently shaken and incubated.

For freeze, the cell pellet was resuspended in 2 ml culture medium, and every 500 ul cell
resuspension was transferred into a cryotube (Nunc) containing 500 ul of freezing medium

(63.4% growth medium already supplemented with 10% FCS, 16.6% DMSO and 20% FCS),

91



Materials and Methods

mixed well by inverting, and sequentially frozen at —20 °C overnight, at —80 °C for a week to

a month, and finally in liquid nitrogen.

9.3. HA-TIPT Human U20OS Stable Cell Line

To generate the HA-TIPT construct, TIPT was amplified in frame with the HA tag using the
pPC86-TIPT construct, digested with Bglll and Notl enzymes, and inserted into BamHI and
Notl sites of a modified pcDNA vector (Invitrogen) containing an intron and a HA epitope
(kindly provided by R. Lithrmann, Gottingen.). Human U20S cells were stably transfected
with pcDNA Ta2+i-TIPT plasmid that gives resistance to neomycin those cells that have it
integrated in the genome. In order to find out the required amount of neomycin (G418) at
which the untransfected cell are dead and the stably transfected are alive it was proceeded to a
test. U20S cells were passaged into several 6 well plate in duplicates, and different amounts
of G418 were applied on cells: 100, 150, 200, 250, 300, 400, 450, 500, 550, 600 and 700
ug/ml G418. The medium was changed every day and it was observed that after 5 days the
cells transfected with the minimum amount of 500 ug/ml G418 were completely dead.
100,000 U20S cells were freshly added to 4 different 10 cm dish. The cells were transfected
with a very low efficiency only with Fugene6 (Roche) for the control, or with HA-TIPT. The
next day, 500 ug/ml G418 in the McCoy’s growth medium was applied for selection, and
every second day the medium was changed. In the seventh day, the control cells were
completely dead and the HA-TIPT transfected cells formed well-defined colonies. The clones
were marked with diamond objective under the binocular microscope and were selected under
the cell culture hood with the help of a stereomicroscope. 40 ul trypsin/well was added In 96
well plate, and gelatine was added in 24 well plate. The cells from the marked colonies were
scraped with 20 ul pipette and transferred into the 96 well plate, and subsequently in 24 well
plate after 2-3 minutes. The cells were incubated at 37 °C in medium containing 250 ug/ml
G418. When the cells reached 80% confluency were trypsinized and passaged 1:3 into 3 new
24 wells for genomic DNA extraction, protein extraction and stock cells. Finally about half of
the picked clones were obtained (17 clones, numbered from 1-17), the rest being arrested in

growth and finally dead.
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9.4. Cells Synchronization with Aphidicolin

The human U20S cells were passaged at a concentration of 100,000 cells/6 well plate. After
20 hours the cells were transfected using Fugene6 with 1.5 ug pcDNA Ta2+i-TIPT, pcDNA
Ta 2+i plasmids, or only Fugene6. After 19-20 hours the cells were blocked with 10 ug/ml
Aphidicolin for other 19 hours. The cells were washed twice with PBS, once with growth
medium and then released. The cells were collected at 0, 2, 4, 6, 8, 10 and 12 hours and

samples were prepared for FACS analysis.

9.5. FACS Analysis of Human U20S Cells

U20S cells were harvested by trypsinization and the pellet was washed twice with 10 ml ice
cold PBS. The cells were pelleted each time by 1,000 rpm centrifugation (Heraeus centrifuge)
at 4 °C for 5 minutes. The supernatant was discarded and the pellet was resuspended in 1 ml
ice cold PBS. The FACS tubes were already cooled on ice and filled with 3 ml 100% ethanol
from -20 °C. The cells were aspirated into 1 ml syringe with a 27 gauge needle attached, and
were injected into ethanol with pressure. The cells were incubated at least 1 hour on ice before
FACS analysis, and stored for 24 hours to weeks at -20 °C.

The cells were spun down at 500 g (1,400 rpm) in Heraeus centrifuge for 5 minutes at 4 °C.
The ethanol was carefully removed immediately after the centrifugation was stopped, and the
pellet was let to dry by putting the tube over head on a tissue paper (2 to 5 minutes). The rest
of the ethanol was removed from the walls of the tube with tissue paper. Depending on the
amount of the pellet, the cells were either resuspended in 425 ul PBS when one 10 cm dish
was used initially, or half of the amount if one 6 well plate of cell was the starting point. The
following steps are presented for 425 ul PBS. The resuspended cells were vortexed on shaker
step 3 (mild) to break cell clumps. RNase (Roche) dissolved in 10 mM Tris, pH 7.5 was
inactivated for 15 minutes at 95 °C, aliquoted and frozen at -20 °C. 50 ul of 1 mg/ml RNase
was added to the cell suspension, followed by 25 ul of 1 mg/ml propidium iodide (Sigma).
The staining was performed for 30 minutes at RT in the dark. The cells were ready for Flow
Cytometry Analysis using FACS Calibur Flow Cytometer (Beckton-Dickinson Biosciences,
USA). The analysis was performed in the group of Prof. Dr. Detlef Doenecke (Gottingen)
with the help of Dr. Nicole Happel. All the measurements must be performed within the next
3 hours upon staining. The FACS tubes were vortexed immediately before measurement. The

collected data were analyzed using the Modifit LT software (Verify Software House Inc.ME,
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USA). The program determined the control values and the indistinct peaks were located

according to the control values. Auto-linearity was used for determining G2/G1 linearity.

9.6. Immunocytochemistry

9.6.1. Immunocytochemistry-PFA Fixation

The cells were passaged and cultured on coverslips arranged in 24 well dish in 0.5-1 ml
medium under 5% CO; at 37 °C overnight. When cells reached the desired confluency (50-
60%), the medium was aspirated and the cells were washed twice with PBS, and then fixed
with 500 ul 4% PFA/PBS at RT for 20 minutes. Then, the cells were washed with 500 ul PBS
three times for 5 minutes each, followed by permeabilization for 15 minutes at RT with 0.2%
Triton X-100 in PBS. The cells were washed 4x PBS for a total time of 20 minutes and then
incubated with 1% SDS in PBS for 10 minutes. After 4x PBS wash, the cells were blocked for
1 hour 10% FCS/PBS supplemented with 0.2% Triton X-1000 at RT. In a 10 cm petri dish
were added several filter papers soaked in water and on the top of them was applied a sheet of
parafilm. The coverslips with the cells facing up were transferred onto the parafilm and 25 ul
of diluted primary antibody in blocking buffer was applied on the cells. The dish was further
incubated at 4 °C overnight. The coverslips were transferred into the 24 wells and washed 4x
PBS. The incubation with the diluted Alexa conjugated secondary antibodies in blocking
solution was realized in the same way as described for primary antibodies, for 1-2 hours at
RT. After the application of fluorescently labeled secondary antibody, all the following steps
were done avoiding light. After four PBS washing steps, the coverslips were washed briefly in
water and applied with the cells facing down on a slide on which was added a drop of Moviol
mounting shield containing DAPI (Vector). After removing the excess of Moviol by gently
pressing with a tissue paper, the coverslips were sealed with nail polish and let dry for at least

1 hour at RT. The sample was applied to a BX-60 fluorescence microscopy (Olympus).

9.6.2. Immunocytochemistry-Methanol Fixation

The cells were grown on coverslips as described above (section 9.6.1). The coverslips were
washed with PBS buffer for 2-3 minutes, then the PBS was aspirated and methanol from -20
°C freezer was applied for 6 minutes on cells. The cells were rehidrated several times with

PBS, for at least 10 minutes. The primary antibodies were diluted in 0.5% BSA in PBS. The
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coverslips were applied on the parafilm and incubated with the primary antibodies as

described before. All the following steps are as already described.

9.6.3. Immunohistochemistry on Cryosections

The mouse brain or testis cryosections were removed from -80 °C freezer and were allowed to
come back to the RT for about 5-10 minutes. Around each tissue section was drawn a circle
with the Dako fat pen (Dako). The freezing protecting medium was removed by dipping them
30 seconds in PBS and immediately blocking with PBS containing 5 % normal goat serum
and 0.1% Triton X-100 for at least 1 hour at RT. The primary antibodies were diluted in
blocking solutions and applied on the sections followed by incubation at 4 °C, overnight. The
slides were washed three times with PBS, 20 minutes each washing step. Alexa-conjugated
secondary antibodies were diluted in blocking solution and the slides were incubated for 40
minutes at RT in the dark. After the application of fluorescently labeled secondary antibody,
all the following steps were done avoiding light. After three washing steps a small amount of
Moviol mounting shield containing DAPI was applied and the coverslide was mounted on the

slide and sealed with nail polish.

9.6.4. Smear Extract Preparation

The experiment was realised according to [100].

9.6.5. Testis Suspension Preparation

The experiment was realised according to [163].

9.6.7. Immunohistochemistry of Rat Hippocampal Cells

The experiment was realised with the help of Dr. Silvio Rizzolli. The rat hippocampal culture
was prepared from newborn pups according to [164]. The cells were fived with methanol
followed by conventional immunostaining with anti-TIPT and anti-synaptotagmin 1

antibodies.

9.6.8. RNase A Experiment
In order to analyze how the RNA depletion affects protein localization, an RNase A
experiment was performed. Human U20S cells were grown on coverslips in 24 well plate.

The medium was aspirated, and the cells were washed twice with PBS. To permeabilize the
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cells 0.1 mg saponin in PBS was applied and the cells were transferred at 4 °C for 5 minutes.
After washing with PBS twice, the RNase A at 1 mg/ml in PBS was added to the cells for 10
minutes at RT. As control, PBS alone was applied. Then cells were washed with 2x PBS and
fixed with methanol. Further was procedded as described before and cells were stained with
anti-TIPT, anti-NPM and anti-TBPL1 to check the localization of these proteins after RNase

A treatment.

9.6.9. Cycloheximide Treatment

To check the turnover of TIPT the protein synthesis was inhibited by cycloheximide (CHX)
drug. The human U20S cells were passaged in 6 well plates at a concentration of 100,000
cells/well. The next day 10 ug /ml CHX (CHX stock solution is 100 mg/ml in DMSO) was
applied. The medium was aspirated at 0, 1, 2, 23 and 47 hours and the cells were harvested by
trypsinization. The total cell extract was prepared by boiling in 20 ul 2xSDS-LB. 20 ul of
extract was loaded on 10% SDS-polyacrylamide gel. TIPT and o-tubulin proteins were
checked by Western blotting.

9.6.10. Drug Cell Treatment
The human U20S and mouse 3T3 cells were treated with different drugs (actinomycin D,

DRB, okadaic acid) according to table 8, then fixed and stained with anti-TIPT antibodies.

9.7. Cell Transfections with Plasmids or siRNAs

9.7.1. Cell Transfection with Plasmids
The DNA plasmid was intoduced in cells either by lipofection using Fugene6(Roche), or
electroporation (Amaxa). The transfections were performed according to the instructions of

the manufacturer.

9.7.2. Cell Transfection with siRNAs

Several siRNAs, or short hairpin vectors were used to silence TIPT mouse or human
expression. The siRNAs wused were pre-designed sequences from Ambion
(www.ambion.com), and Qiagen (wwwl.qiagen.com/Products/GeneSilencing/), which were
created to silence mouse TIPT RNA. In addition, four shARNA vectors were constructed to

silence human TIPT RNA, using the pSilencer 2.0-U6 Ambion vector. The design of the
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hairpin siRNAs templates was done according to Ambion recommendation and using a web-
based insert design tool (http://www.ambion.com/techlib/misc/psilencer converter.html).
Another approach was to use the predesigned siRNA SMART pool from Dharmacon
(http://www.dharmacon.com/siGENOME/Default.aspx).

As transfection methods were used lipofection with Oligofectamine or Dharmafect] reagents,
and nucleofection using Amaxa nucleoporator machine and buffers. The experiments were

realised according to the instructions of the manufacturer.

9.8. Luciferase Assay

The luciferase assay was performed using the Dual-Luciferase Reporter Assay sytem Kit
(Promega). The experiment was performed according to the according to the instructions of

the manufacturer.
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Appendices

1. Chemicals

. Stock Working .
Product name Description . . Time
concentration  concentration

Inhibits protein kinase (CKII inhibitor; 50 pug/ml 1h
DRB | o inhibi 25 mg/ml

Pol II transcription inhibitor) 5 mM 15 min
Okadaic acid Inhibits Ser/Thr protein phosphatase 1 10 uM 10 nM 6 h/24h

Inhibits rRNA synthesis 0.04 ug/ml 30 min
Actinomycin D 1 mg/ml

Inhibits total RNA synthesis 0.04 ug/ml 17h
RNase A Degrades single-stranded RNA 10 mg/ml 10 ug/ml 10 min
Cycloheximide Inhibits protein synthesis 100 mg/ml 10 ug/ml 0-47h
Aphidicolin Blocks G1/S phase transition 10 mg/ml 10 ug/ml 19h
Table 8. The drugs applied to cells.
2. Cell lines

Cell line name Description Specie Cell culture medium (Gibco BRL)

McCoy’s +1.5 mM L-glutamine + 10%

U208 Osteosarcoma cells Human
FCS
Osteosarcoma cells McCoy’s +1.5 mM L-glutamine + 10%
HA-TIPT (clones 1-17) Human
overexpressing mouse HA-TIPT FCS +250 ug/ml1 G418
DMEM+ 2 mM L-glutamine+ 4.5 mg/ml
HeLa Cervical cancer cells Human

glucose +10 % FCS

Adenotransforned embryonic

HEK 293T Human DMEM+ 10 % FCS +1% L-glutamine
kidney cells
DMEM+ 4 mM L-glutamine+ 4.5 mg/ml
NIH3T3; SNL Fibroblasts Mouse
glucose +10 % FCS
DMEM+ 4 mM L-glutamine+ 4.5 mg/ml
Cos-7 SV40-transformed fibroblasts Monkey

glucose +10 % FCS

Table 9. The cell lines used in the study.
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3. Primary antibodies

Name Host and antibody type Working dilution- Working dilution- Company/source
wWB IHC

Anti-AF10 Mouse monoclonal 1:500 Abcam
Anti-Flag Rabbit polyclonal 1:500 1:1000 Sigma
Anti-GAL4 DNA-BD Mouse monoclonal 1:4000 BD Bioscience
Anti-GAL4 DNA-AD Mouse monoclonal 1:4000 BD Bioscience
Anti-geminin (FL-209) Rabbit polyclonal 1:500-1:1000 Santa-Cruz
Anti-geminin Rabbit polyclonal 1:500-1:1000 Lingfei Luo
Anti-GFP Mouse monoclonal 1:1000 Chemicon
Anti-GFP Mouse monoclonal 1:1000 MoBiTec
Anti-GFP Mouse monoclonal 1:1000 Roche
Anti-GST Mouse monoclonal 1:10000 Novagen
Anti-HA (3F10) Rat monoclonal 1:500 1:250 Roche
Anti-NPM Mouse monoclonal 1:500 1:200 Abcam
Anti-TBP (3G3) Mouse monoclonal 1:5000 Irwin Davidson
Anti-TBP Mouse monoclonal 1:5000 Martin Teichmann
Anti-TBPL1 (2A1) Mouse monoclonal 1:500 1:100 Irwin Davidson
Anti-TFIIA Mouse monoclonal 1:3000 Martin Teichmann
Anti-TIPT Rabbit polyclonal 1:500-1:1000 1:100-1:1000 Mara Pitulescu
Anti-o-tubulin Mouse monoclonal 1:4000 Sigma
Anti-y-tubulin (GTU-88) Mouse monoclonal 1:100-1:200 Abcam

Table 10. The primary antibodies used in this study.
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Abbreviations

AA: acrylamide-bisacrylamide

3AT: 3-amino-1, 2, 4-triazole

ActD: actinomycin D

AdE4: adenovirus E4 promoter

AdMLP: adenovirus major late promoter
APS: ammonium persulphate

ATM: ataxia telangectasia mutated

bHLH: basic helix-loop-helix

bp: base pair

BRE: TFIIB binding element

BRE‘: BRE downstream

BRE": BRE upstream

C: cytoplasmic fraction

ChIP: chromatin immunoprecipitation
CHX: cycloheximide

CKII: casein kinase 11

cpm: counts per minute

DAPI: 4,6-diamidino-2-phenylindol

DEPC: diethyl pyrocarbonate

DIG: digoxigenin

DMEM: Dulbecco's modified Eagle's medium
DMSO: dimethylsulfoxide

DPE: downstream promoter element

dpp: days post-partum

DRB: 5,6-dichloro-1-beta-D-ribofuranosylbenzimidazole
EDTA: ethylenediaminetetraacetic acid
EGFP: enhanced green fluorescence protein
FACS: Fluorescence-activated cell sorting
FCS: fetal calf serum

GFP: green fluorescent protein

Gmnn: geminin
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Abbreviations

GSK3: glycogen synthase kinase 3
GST: glutathione sulfur transferase
HRP: horseradish peroxidase

HSV TK: herpes simplex virus thymidine kinase
INR: initiator element

IPTG: isopropylthio-p-D-galactoside
kDa: kilo Daltons

LB: Luria-Bertani medium

Mk: marker

N: nuclear fraction

NF1: neurofibromin 1

Ngn2: neurogenin 2

NPM: nucleophosmin

O.D.: optical density

oligo: oligonucleotides

OREF: open reading frame

P: pellet

PBS: phosphate buffered saline
PC: Polycomb

p.c.: post coitum

PcG: Polycomb group

PCR: polymerase chain reaction
PCV: packed cell volume

PFA: paraformaldehyde

PHGPx: phospholipids hydroperoxide glutathione peroxidase

PMSF: phenylmethylsulfonyl fluoride

Pol I: RNA polymerase I

Pol II: RNA polymerase 11

Pol III: RNA polymerase I11

pp: post partum

PRC1: polycomb repressive complex 1
PRCIL: polycomb repressive complex 1-like

Prm: protamines
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Abbreviations

PSC: posterior sex combs

RNase A: ribonuclease A

rpm: round per minute

rRNA: ribosomal RNA

RT: room temperature

RT-PCR: reverse transcription-polymerase chain reaction
S: supernatant

SAM/SPM: sterile alpha motif domain

Scmhl: Sex comb on midleg homolog 1

SDS: sodium dodecyl sulfate

siRNA: small interference RNA

SLI: selectivity factor I

SRB: supressors of RNA polymerase B mutations
SVZ: subventricular zone

Syt I: synaptotagmin I

TAFs: TBP-associated proteins

TBE: Tris-borate-EDTA

TBP: TATA box binding protein

TBPL1: TATA binding protein-like factor
TEMED: N,N,N’ N’-tetramethyl-ethylenediamine
TFII: Transcription factors II

TIPT: TATA binding protein-like factor-interacting protein
Tm: melting temperature

Tpn: transition proteins

TRF: TBP-related factors

tTAFs: testis specific TAFs

Tujl: neuronal tubulin

U: units

UBF: upstream binding factor

UCE: upstream control element

V: volts

VZ: ventricular zone
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