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Summary

Studies of the role of tuberous sclerosis complex (TSC) proteins (TSC1/TSC2) in
pathology have focused mainly on their capacity to regulate translation and cell
growth, but their relation to alterations of cellular structures and the cell cycle is
not yet fully understood. The transforming acidic coiled-coil (TACC) domain-
containing proteins are central players in structures and processes involving the
microtubule network. Here, TACC3 interactome mapping identified TSC2 and 15
other proteins, including TACC homo and heterodimers, and two evolutionary
conserved interactors (ch-TOG/CKAP5 and FAM161B). TACC3 and TSC2 co-localize
and co-purify with components of the nuclear envelope, and their deficiency causes
morphological alterations of this structure. During cell division, TACC3 is necessary
for the proper localization of phospho-Ser939 TSC2 at the spindle poles and
cytokinetic bridges. Consistently, abscission alterations and increased frequency of
binucleated cells were observed in Tacc3- and Tsc2-deficent cells relative to
controls. In regulating cell division, TSC2 acts epistatically to TACC3 and, in
addition to canonical TSC/mTOR signaling and cytokinetic associations, converges
to the early mitotic checkpoint mediated by CHFR. Our findings link TACC3 to novel
structural and cell division functions of TSC2, which may provide additional
explanations for  the clinical and pathological manifestations of
lymphangioleiomyomatosis disease and TSC syndrome, including the greater

clinical severity associated with TSC2 germline mutations relative to TSC1.
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Introduction

1 The centrosome

1.1. Overview

The term “centrosome” was coined by Theodor Boveri almost one century ago as a
“single extremely minute body, or more commonly a pair of bodies, staining
intensely with haematoxylin (...) and surrounded by a cytoplasmic radiating aster”
(Boveri, 1914). In addition, because the poles that define the essential bipolar
nature of the mitotic spindle contain a centrosome, Boveri described this organelle
as the “"special organ of cell division”. Since these first observations, fundamental
questions have yet to be answered regarding the regulation of the centrosome, its

role in cell biology and its alteration in disease.

The centrosome is the major microtubule organizing center (MTOC) in most
animal cells. During interphase it influences microtubule (MT)-dependent processes,
including organelle transport, cell shape, polarity and motility (reviewed in
(Bettencourt-Dias and Glover, 2007; Nigg and Raff, 2009; Sankaran and Parvin,
2006)). Furthermore, centrosomes play a critical role in cell division, where they
control mitotic spindle bipolarity, spindle positioning and cytokinesis (reviewed in
(Meraldi and Nigg, 2002)). Aberrations in centrosome number, structure or function
can interfere with bipolar spindle formation and, therefore, equal segregation of
genomic material in daughter cells, leading to chromosome instability (CIN). In this
context, centrosome duplication is tightly regulated throughout the cell cycle
(Meraldi and Nigg, 2002).

1.2. Centrosome organization

The centrosome is a tiny (1-2 ym of diameter) and cytoplasmic centrally-positioned
cellular organelle (Wilson, 1925). Structurally, it is highly conserved among higher
eukaryotes and consists of two cylindrical centrioles embedded in an electron dense
mesh called the pericentriolar material (PCM) (Figure 1) (reviewed in (Bettencourt-
Dias and Glover, 2007)).

The PCM provides a scaffold for proteins that are important for regulating
centrosome duplication and function, containing the basic unit for MT nucleation,
the y-tubulin ring complex (y-TURC) (Moritz et al., 1995). Embedded within the
surrounding PCM, the two centrioles are composed of a symmetrical barrel-shaped
array of nine triplets of MTs. The two centrioles within a centrosome are positioned
in an orthogonal arrangement with respect to each other and differ in appearance:
one centriole has two sets of nine appendages at the end distal to its partner and is
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called the mature centriole (also called the mother or maternal centriole), while the

other lacks these structures (Vorobjev and Chentsov Yu, 1982).

Mother
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Figure 1: The centrosome structure

Schematic view of centrosome parts (left panel). Electron micrograph of the centrosome.
The top inset indicates a cross-section of subdistal appendages; the bottom inset
indicates a cross-section of the proximal part of the centriole (right panel). Scale bar
represents 0.2 um. Adapted from (Bettencourt-Dias and Glover, 2007).

1.3. The centrosome cycle

In addition to their role as the MTOC in interphase and mitotic cells, centrosomes
are also closely related to cell cycle progression (Hinchcliffe et al., 2001; Khodjakov
and Rieder, 2001). Centrosome duplication begins at the G1-S phase of the cell
cycle and is strictly coordinated with DNA replication, mitosis and cell division
(Sluder and Hinchcliffe, 2000) (Figure 2). Five consecutive steps lead to
centrosome division: 1%/ centriole disorientation, where centrioles in a centrosome
lose their orthogonal configuration; 2"/ nucleation of the daughter centrioles; 3"/
elongation of the procentrioles; 4/ centrosome maturation; and 5%/ separation of
centrosomes (reviewed in (Lukasiewicz and Lingle, 2009)) (for a schematic

representation see Figure 2).

The physiological significance of centrosome disorientation remains unclear.
Although this step has commonly been considered a pre-requisite for centrosome
duplication (Freed et al., 1999; Lacey et al., 1999), it has also been observed that
by the end of M phase the two centrioles separate from each other, and this event
also seems to be prerequisite for proper cytokinesis completion (Piel et al., 2000;
Piel et al., 2001).
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Figure 2: The centrosome cycle
Schematic representation of centrosome duplication coupled to cell cycle phases. Centrioles
are shown in dark blue and PCM in light blue.

Centrosome duplication is a semi-conservative process that takes place at
the beginning of or during S phase through the appearance of procentrioles growing
at right angles in a region close to the proximal end of each parental centriole
(Kochanski and Borisy, 1990). Next, elongation of the procentrioles occurs
throughout S and G2 phases, so that in late G2 the centrosome is composed of two

pairs of centrioles.

Centrosome maturation begins at G2/M phases and is characterized by a
dramatic increase in centrosome size due to the recruitment of several proteins, in
particular of the y-TURC (Zheng et al., 1995). During this process, the amount of y-
tubulin at vertebrate centrosomes increases approximately three- to five-fold
(Khodjakov and Rieder, 1999), accompanying a striking augmentation of MT-
nucleating activity at the centrosome (De Brabander, 1982; Gorgidze and Vorobjev,
1995; Piel et al., 2000). Simultaneously, centrosome separation begins in G2 phase
so that by prophase of mitosis the centrosomes can migrate to opposite sides of the
nucleus, where they will form the bipolar mitotic spindle (Ault and Rieder, 1994).
Once the chromosomes have been equally segregated, the cell undergoes
cytokinesis yielding two daughter cells, each with one centrosome containing two
centrioles. At the end of mitosis and beginning of G1 phase, the centrosome cycle

begins again with centriole disorientation (Lukasiewicz and Lingle, 2009).
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1.4. Regulation of the centrosome cycle

Centrosome duplication occurs once per cell cycle and is subject to strict control
within cells. Several studies have identified both phosphorylation and proteolysis as
major biochemical mechanisms for the regulation of the centrosome cycle
(reviewed in (Fry et al., 2000; Hansen et al., 2002; Meraldi and Nigg, 2002)). For
the correct execution of cell division, centrosome duplication must be coordinated
with other cell cycle events. In this scenario, a key player is the cyclin-dependent
kinase 2 (CDK2), which regulates DNA replication and centrosome duplication
(Hinchcliffe et al., 1999; Lacey et al., 1999; Matsumoto et al., 1999; Meraldi et al.,
1999). Indeed, recent work shows that centrosomal localization and activation of

CDK?2 is required for both replication events (Ferguson and Maller, 2010).

Phosphorylation activity increases substantially at the centrosome during the
maturation step (reviewed in (Rusan and Rogers, 2009)). A major player in
maturation appears to be aurora kinase A (AURKA), which regulates the
localization, levels and/or biochemical modification of several centrosomal proteins,
including enhancer of filamentation 1 (HEF1) (Pugacheva and Golemis, 2005), large
tumor suppressor, homolog 2 (D. melanogaster) (LATS2) (Toji et al., 2004), polo-
like kinase 1 (PLK1) (Lane and Nigg, 1996) and targeting protein for Xenopus
kinesin-like protein 2 (TPX2) (De Luca et al., 2006). HEF1, a protein initially defined
as a component of cell attachment machinery (Bouton et al., 2001), plays an
additional role in cell division through the interaction with AURKA and regulation of
centrosome cohesion and amplification (Pugacheva and Golemis, 2005). The tumor
suppressor LATS2 requires AURKA phosphorylation for its centrosomal localization,
where it may regulate cell proliferation (Toji et al., 2004). Regarding PLK1, AURKA
phosphorylates this kinase at mitotic entry, suggesting that they both function in
the same centrosome maturation pathway (Macurek et al., 2008; Seki et al.,
2008a; Seki et al., 2008b). Interestingly, besides the known role of TPX2 in MT
organization, TPX2 seems to be involved in centrosome maturation, probably in a
coordinated manner with AURKA and PLK1 (De Luca et al., 2006).

Next, centrosome separation occurs early in mitosis with a major role
assigned to the NIMA (never in mitosis a)-related kinase 2 (NEK2) (Fry et al.,
1998). Throughout most of the cell cycle, the proximal ends of the original
centrioles are connected in part by the centriole-associated coiled-coil protein C-
NAP1 (also known as CEP250) and the ciliary rootlet coiled-coil protein CROCC (also
known as rootletin) (Fry et al., 1998; Mayor et al., 2000). C-NAP1 and CROCC
maintain centriole cohesion until they are phosphorylated by NEK2, leading to
displacement of these proteins and subsequent centrosome separation (Bahe et al.,
10
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2005; Fry et al., 1998). AURKA and PLK1 have also been associated with this step
(reviewed in (Lukasiewicz and Lingle, 2009)). Studies in D. melanogaster showed
that AurA mutant embryos were unable to form bipolar spindles, leading to
tetraploid cells as a result of incomplete chromatin separation in anaphase (Glover
et al., 1995). Similarly, human cells injected with antibodies directed against PLK1
form monopolar spindles containing two small unseparated centrosomes (Lane and
Nigg, 1996).

While diverse kinase activities are key in regulating the centrosome cycle,
ubiquitin-dependent proteolysis also plays an important role (reviewed in (Hansen
et al., 2002)). Components of the E3 ubiquitin ligase complexes SCF (SKIP, Cullin
and F-box) and anaphase promoting complex/cyclosome (APC/C) localize to the
centrosome throughout the cell cycle in mammalian cells (Freed et al., 1999;
Gstaiger et al., 1999; Wigley et al., 1999) and were shown to regulate the G1/S
transition and entry into mitosis, respectively (Sankaran and Parvin, 2006).
Recently, it has been reported that APC/C is responsible for degradation of certain
spindle assembly factors (SAFs), including RHAMM/HMMR, providing a molecular
basis for APC/C regulation of spindle assembly (Song and Rape, 2010).
Furthermore, other studies have demonstrated that proteasome inhibition leads to
accumulation of several centrosomal proteins at the PCM (Didier et al., 2008; Zhao
et al., 2003) and spindle pole fragmentation during mitosis (Ehrhardt and Sluder,
2005).

1.5. The centrosome and cell division

As described above, at the transition of G2/M phases the two centrosomes move to
opposite poles of the cell and form the mitotic spindle (Figure 3). The assembly of
this MT-comprised structure is initiated during the first mitosis sub-phase, the
prophase. Next, in prometaphase, nuclear envelope breakdown (NEB) occurs, which
is required for spatial separation of the duplicated chromosome sets (Zhai et al.,
1996). The MT strands of the mitotic spindle consist of a- and B-tubulin dimers
which are nucleated at the centrosome (minus-end) and depolymerized at their tips
(plus-end) (Erickson and Stoffler, 1996; Fygenson et al., 1994; Mitchison and
Kirschner, 1984a, b; Weisenberg et al., 1968; Weisenberg et al., 1976). The
dynamic interplay is crucial in order to achieve the proper bipolar attachment of the

MT arms to the chromosomes (Nicklas and Ward, 1994).

MT contact with the condensed DNA occurs at the kinetochores, protein

structures at the centromeres of chromosomes. Eventually, in metaphase, all
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chromosomes are attached to the spindle MTs in a bipolar fashion and converge at
the midzone. Correct chromosome capture and alignment are crucial, since
alterations in these processes may lead to aneuploidy (Doxsey, 2002; Nigg, 2002,
2006; Sluder, 2005). To ensure an accurate segregation of chromosomes, the
mitotic checkpoint (also known as the spindle checkpoint) delays sister chromatid
separation until all kinetochores are bound to the spindle. The checkpoint is
activated by sensing kinetochores that are not attached to MTs or lack of tension
across attached kinetochores (MclIntosh, 1991). Recruitment of the components of
the mitotic checkpoint, which include the budding uninhibited by benzimidazoles 1
homolog beta (yeast) (BUB1B) and the mitotic arrest deficient 2-like protein 1
(MAD?2), is essential in delaying mitotic progression by inhibiting the activity of the
cell division cycle 20 homolog (S. cerevisae) (CDC20), which in turn is required for
activation of the APC/C (Mao et al., 2003; Sudakin et al., 2001; Wassmann et al.,
2003). When all kinetochores are completely attached to the spindle MTs, mitotic
checkpoint signals are relaxed and CDC20 activates the APC/C E3 ubiquitin ligase
activity, leading to sister chromatid separation (Hwang et al., 1998). This
movement hallmarks the onset of the anaphase, which is followed by the telophase,
when the chromatids reach their respective spindle poles and begin to decondense.
A new nuclear envelope forms around the DNA, while the beginning of cytokinesis is
recognized by the progression of cell division with the development of a constriction

(cleavage furrow) around the midzone.

The process of cytokinesis can be divided into four stages: cleavage furrow
initiation, cleavage furrow ingression, midbody formation and abscission (reviewed
in (Li et al., 2010)). Each stage is dependent on the proper execution of the prior
stage, thus interference with any stage may result in cytokinesis failure. The first
stage specifies the cleavage plane by recruiting a central regulator of cytokinesis,
the ras homolog gene family, member A (RHOA), to the site of cleavage (Bement et
al., 2005; Drechsel et al., 1997; Jantsch-Plunger et al., 2000; Kamijo et al., 2006;
Kishi et al., 1993; Nishimura and Yonemura, 2006; Yonemura et al., 2004;
Yoshizaki et al., 2003; Yuce et al., 2005). If this step is perturbed, cytokinesis will
not initiate properly (Guidotti et al., 2003; Kudryavtsev et al., 1993; Margall-Ducos
et al., 2007; Toyoda et al., 2005). In the second stage of cytokinesis, the cleavage
furrow ingresses through formation of an actomyosin ring and a myosin-dependent
motor activity (reviewed in (D'Avino, 2009; Matsumura, 2005)). Failure at this step
may prevent furrow initiation or lead to partial ingression of the furrow followed by
regression (Gunsalus et al., 1995; Haviv et al., 2008; Straight et al., 2003). The

third stage of cytokinesis is characterized by formation of the midbody and
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stabilization of the cytokinetic furrow (reviewed in (Margolis and Andreassen,
1993)). This stage requires proper function of proteins located in the central spindle
(e.g. KIF23 (Matuliene and Kuriyama, 2002, 2004), AURKB (Terada et al., 1998) or
LAPSER1 (Sudo and Maru, 2007)) and failure at this point will lead to defective
cytokinesis, polyploidy and increased genome instability (Delaval et al., 2004; Sudo
and Maru, 2007; Zhu et al., 2005). The final stage in cytokinesis, abscission, is the
step in which cytoplasmic contents are finally separated from one another. This
event requires the presence of a functional midbody, but also additional proteins
involved in vesicle trafficking and fusion (reviewed in (Li et al., 2010)). Moreover,
the centrosomal protein CEP55 is essential for this step and its absence leads to
midbody formation defects (Zhao et al., 2006).
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Figure 3: The centrosome and mitosis

The centrosome is duplicated during S/G2 phases (A) and, subsequently, mitotic spindle poles
take positions on the opposite sides of the nucleus (B). Nuclear envelope breakdown takes place
in prophase and the mitotic spindle is assembled at the (pro)metaphase (C-D). Anaphase is
initiated with cyclin B1 (CCNB1), enabling chromosome segregation to begin (E). Nuclear
envelopes of daughter cells are re-assembled during the telophase (F) and cell division is
completed with cytokinesis (G). Adapted from (Lodish, 1999).
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1.6. Centrosomes and cell polarity

For many cell types, including epithelial cells, the position of the centrosome
relative to the nucleus defines a structural “cell axis” (Wilson, 1925) that
determines the functional polarity of the cell (Buendia et al., 1990). It was initially
proposed that polarity is maintained, in part, by the organization of MT arrays
originating from the centrosome and by directional vesicular trafficking that
proceeds along these MTs (Rindler et al., 1987). Further studies in C. elegans
embryos assessed the contribution of the centrosome to polarity establishment by
ensuring proper positioning of the organelle close to the cortex and by increasing
the assembly of pericentriolar material (Cowan and Hyman, 2004; Cuenca et al.,
2003; Goldstein and Hird, 1996; O'Connell et al., 2000; Sadler and Shakes, 2000;
Wallenfang and Seydoux, 2000). Therefore, an abnormal number of centrosomes
may adversely affect maintenance of cell polarity in interphase cells (Lingle et al.,
1998).

More recently, centrosome localization has been shown to be necessary for
determining neuronal polarity (de Anda et al., 2005). In addition, centrosome
repositioning is essential for migration in neuronal cells (Bellion et al., 2005; Tsai
and Gleeson, 2005). A model for neuronal migration has been suggested in which
the nucleus closely follows the centrosome due to their tight association by MTs
(Tsai and Gleeson, 2005). Here, it is worth noting that many human neurological
diseases have been either directly or indirectly linked to disordered neuronal

migration (Tsai and Gleeson, 2005).

1.7. Centrosomes, aneuploidy and cancer

The correct execution of centrosome duplication, maturation and separation
underlies mitotic bipolar spindle formation and, as a result, faithful chromosome
segregation. Consequently, deregulation of centrosome function can impair the
accurate inheritance of genetic material (reviewed in (Zyss and Gergely, 2009)).
Theodor Boveri proposed that cancer commonly arises through aneuploidy linked to
abnormal mitoses and postulated the underlying cause of this phenotype to be
aberrant centrosomes (Boveri, 1914). This idea has recently attracted renewed
interest and several studies report frequent centrosome abnormalities in cancer
cells, including an increase in number and volume, supernumerary centrioles,
accumulation of excess pericentriolar material and aberrant phosphorylation of
centrosomal proteins (Lingle et al., 2002; Lingle et al., 1998; Lingle and Salisbury,

1999; Pihan et al., 1998).
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The main centrosome aberrations observed in pathological conditions are
amplification (i.e. more than two centrosomes in a cell) and hyperplasia (i.e.
centrosomes that appear significantly larger than normal). Centrosome
amplification can result from (i) uncoupling of the centrosome duplication, (ii)
fragmentation, (iii) failure of cytokinesis, or (iv) aberrant expression of certain
centrosomal proteins (e.g. AURKA (Meraldi et al., 2002) or SCF (Nakayama et al.,
2000)) (reviewed in (Sankaran and Parvin, 2006)). Several studies have suggested
that centrosome amplification may drive aneuploidy by increasing the frequency of
abnormal mitosis that leads to chromosome missegregation (Boveri, 1914; Lingle et
al., 2002; Lingle et al., 1998; Pihan et al., 2001; Zhou et al., 1998). Accordingly,
centrosome amplification is a common feature of both hematological cancer and
solid tumor cells (Chng et al., 2006; Lingle et al., 1998; Lingle and Salisbury,
1999). Moreover, precancerous and preinvasive neoplastic lesions can exhibit
centrosome amplification, which suggests that amplification may be a causative

event of carcinogenesis in some conditions (Chng et al., 2006; Pihan et al., 2003).

Although it has been difficult to establish a causal relationship between
centrosome abnormalities and cancer, deregulation of several oncogenes and tumor
suppressor genes is well known to affect the number of centrosomes (reviewed in
(Fukasawa, 2007)) and to promote tumorigenesis in model organisms (Babu et al.,
2003; Baker et al., 2004; Sotillo et al.) This observation includes components of
diverse signaling pathways or biological processes; regulators of centrosome
biology are implicated in the recognition of DNA damage (e.g. ATR (Brown and
Costanzo, 2009), BRCA1 (Xu et al., 1999), BRCA2 (Tutt et al., 1999), GADDA45
(Hollander et al., 1999), MDM2 (Carroll et al., 1999), p21 (Mantel et al., 1999) and
p53 (Fukasawa et al., 1996)), ubiquitin-dependent protein degradation (e.g. SKP2
(Gstaiger et al., 1999) and TSG101 (Xie et al., 1998)) and mitotic progression (e.g.
AURKA (Meraldi et al., 2002) and BIRCS (Li et al., 1999)) (reviewed in (Meraldi and
Nigg, 2002)). In addition, aneuploidy caused by deregulation of essential
components of the mitotic checkpoint (MAD2, BUB3, or BUB1B) has been implicated
in tumorigenesis (Babu et al., 2003; Baker et al., 2004; Michel et al., 2001; Sotillo
et al., 2010). Together, these observations highlight the convergence of diverse
pathways or processes on the proper regulation of centrosome biology and, when

perturbed, its wide-spread link to disease and pathology.
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2 Transforming coiled-coil motif-containing proteins
2.1. Overview

Proteomic analysis of human centrosomes revealed that a relatively high
percentage of proteins in this organelle (~75%) contain one or several coiled-coil
motifs (Andersen et al., 2003). This motif type is an evolutionarily conserved
structure tailored to mediate protein-protein interactions (Salisbury, 2003). Thus,
several coiled-coil-containing proteins are known to act as anchors for other
essential centrosome components and/or for key regulators of centrosome function
(Salisbury et al., 2004). In recent years, proteins with a conserved transforming
acidic coiled-coil (TACC) domain have emerged as important players in centrosome
biology, initially described in D. melanogaster as necessary for centrosome activity
and MT assembly during cell division (Gergely et al., 2000b). The TACC domain
covers ~200 amino acids (aa) at the corresponding carboxyl terminus (C-term)
(Gergely, 2002) and is necessary for protein localization to the centrosome and

spindle apparatus (Gergely, 2002).

TACC proteins have been described in different organisms, ranging from
yeasts to mammals. A single TACC member has been described in C. elegans (TAC-
1) (Bellanger and Gonczy, 2003; Le Bot et al., 2003; Srayko et al., 2003), D.
melanogaster (D-TACC) (Gergely et al., 2000b), X. laevis (maskin or tacc3)
(Stebbins-Boaz et al., 1999), and S. pombe (alp7) (Sato et al., 2004) proteomes.
In mammals, the TACC family consists of at least three members: TACC1 (Still et
al., 1999a), TACC2 (Chen et al., 2000; Pu et al., 2001) and TACC3 (McKeveney et
al., 2001; Sadek et al., 2000; Still et al., 1999b) (see Figure 4 for description).
Two additional candidates have been proposed: TACC4 in O. cuniculus (Steadman
et al., 2002) and RHAMM (HMMR gene) in humans (Maxwell et al., 2003). Evidence
used to support the claim that RHAMM may be a fourth human TACC family
member, although evolutionarily distant (Still et al., 2004), includes the conserved
genomic organization of the corresponding loci, the prediction of coiled-coil-
containing domain and RHAMM localization and regulation at the centrosome
(Maxwell et al., 2003).
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Figure 4: The TACC family of proteins

Structural organization and regions of interaction with binding partners of TACCs. The
blue box represents the conserved TACC domain. Some members have highly acidic,
imperfect repeats of 33 aa (pale-blue boxes) or a serine-proline Azu-1 motif (dark-grey
boxes). Yellow lines indicate the position of nuclear localization signals (NLSs), and the
conserved consensus sequences for AURKA phosphorylation are shown as orange bars.
Adapted from (Peset and Vernos, 2008).
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2.2. Intracellular localization of TACCs

It has been ten years since Gergely and colleagues identified D-TACC as a protein
concentrated at centrosomes that is essential for normal spindle formation (Gergely
et al., 2000b). This group also described the intracellular localization of human
TACCs: TACC1 was found to be weakly concentrated at the centrosomes and
mitotic spindles, while TACC2 and TACC3 showed a contrasting pattern (Gergely et
al., 2000a); in particular, TACC3 was found to be strongly concentrated in a diffuse
region surrounding the centrosomes and showed the strongest association with the
mitotic spindle apparatus (Gergely et al., 2000a). However, localization of TACC
orthologs is not restricted to the centrosome, and most of them also associate with
MTs during interphase and cell division to varying extents; tacc3 and TAC-1 localize
all along spindle MTs, while D-TACC associates with both spindle and astral MTs
(Bellanger and Gonczy, 2003; Gergely et al., 2000b; Giet et al., 2002; O'Brien et
al., 2005; Peset et al., 2005). In addition, TACC1 and TACC3 were also located in
the nucleus of interphase Hela cells, with TACC3 being slightly concentrated
(Gergely et al., 2000a).

Consistent with a key role in centrosome biology, localization of TACCs to
centrosomes is dependent on phosphorylation by AURKA in human cells and by its
orthologs in C. elegans, D. melanogaster and X. laevis (Barros et al., 2005; Giet et
al., 2002; Kinoshita et al., 2005; Peset et al., 2005). Moreover, it has been
proposed that this modification is required to regulate spindle dynamics and
organization (Barros et al., 2005; Giet et al., 2002; Kinoshita et al., 2005; LeRoy et
al., 2007; Peset et al., 2005). These studies have specifically identified the
conserved residues Ser626 of tacc3 and Ser863 of D-TACC as the site
phosphorylated by AURKA (Barros et al., 2005; Kinoshita et al., 2005). Importantly,
this serine is conserved in human TACC3 (Ser558) and requires phosphorylation by
AURKA for proper centrosomal and mitotic spindle localization (LeRoy et al., 2007).
Recently, quantification of phosphorylated TACC3 localization to mitotic spindle has
been used as a novel pharmacodynamic approach for measuring AURKA activity
(LeRoy et al., 2007), which is frequently overexpressed in human cancers (Bischoff
et al., 1998; Miyoshi et al., 2001; Sen et al., 1997; Sen et al., 2002; Tanaka et al.,
1999; Zhou et al., 1998).

At the mitotic spindle, TACCs interact through their coiled-coil domain with
the MT-stabilizing and evolutionarily highly conserved family of proteins
Msps/xmap215/ch-TOG (Cullen and Ohkura, 2001; Lee et al., 2001). Ch-TOG
orthologs play an important role in centrosome integrity, centrosome-dependent
assembly of MTs during mitosis, and spindle stability (Gergely et al., 2003;
18
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Kinoshita et al., 2002; O'Brien et al., 2005; Peset et al., 2005). Proof of these
observations came from assays in which depletion of TACC3 or D-TACC led to
mislocalization of ch-TOG orthologs from centrosomes, abnormally short and
partially destabilized spindle centrosomal MTs, and defects in chromosome
congression (Gergely et al., 2003; O'Brien et al., 2005). Indeed, experiments
performed in different model organisms support the idea that TACCs are required
for the efficient recruitment of ch-TOG to the centrosome (Bellanger and Gonczy,
2003; Cullen and Ohkura, 2001; Kinoshita et al., 2005; Le Bot et al., 2003; Lee et
al., 2001; Sato et al., 2004; Srayko et al., 2003). Moreover, some studies
hypothesize that TACCs may promote a conformational change in ch-TOG that
renders the molecule more efficient for MT binding and stabilization (Kinoshita et
al., 2005; Peset et al., 2005). However, it remains unclear how the TACC-ch-TOG
complex stabilizes MTs, with alternative models proposed (Figure 5) (reviewed in
(Brittle and Ohkura, 2005)).

TACC

chTOG

Figure 5: Model for TACC protein function at the spindle poles

Black lines represent MTs with minus ends focused at the centrosome (blue) and plus
ends extending away. (A) AURKA phosphorylates TACCs and recruits their interacting
partner ch-TOG to the centrosome. (B) Phospho-TACC/ch-TOG is retained at the
centrosome and stabilizes the attachment of the minus ends of MTs to the centrosome.
Adapted from (Brittle and Ohkura, 2005).
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2.3. TACC functional roles

Deregulation of the TACC proteins has been commonly associated with defects in
MT stability and/or organization. TAC-1-depleted embryos showed defects in
pronuclear migration, shorter spindles and defective spindle elongation in anaphase
(Bellanger and Gonczy, 2003; Le Bot et al., 2003). These studies also revealed
shorter astral MTs and, as a result, spindle-positioning defects in TAC-1-depleted
embryos (Bellanger and Gonczy, 2003; Le Bot et al., 2003). Interestingly, MT
assembly in the cytoplasm was not affected, suggesting that TAC-1 function is only
critical at the centrosome (Srayko et al., 2003). Moreover, depletion of D-TACC
caused female sterility with defective pronuclear fusion, nuclear migration, and
chromosome segregation (Gergely et al., 2000b). Thus, the corresponding embryos
showed abnormally short centrosomal MTs at all stages of the cell cycle (Gergely et
al., 2000b). Consistently, tacc3 was also shown to play an essential role in MT
growth and stability during M-phase (O'Brien et al., 2005). Assembly of spindles in
tacc3-depleted egg extracts showed reduced size and MT content, and centrosomes
nucleated fewer and shorter MTs (Kinoshita et al., 2005; O'Brien et al., 2005; Peset
et al., 2005). Finally, mammalian TACCs were also found to play principal role in
stabilizing MTs and to be important structural components of the mitotic spindle
apparatus (Conte et al., 2003; Gergely et al., 2003; Gergely et al., 2000a;
Schneider et al., 2007a; Yao et al., 2007).

In addition to the main functions of TACCs in centrosome biology, including
MT dynamics and organization, evolutionary studies have suggested that they may
have additional roles in protein translation, mRNA processing and transcription
(reviewed in (Still et al., 2004)). Studies in X. laevis reporting the involvement of
tacc3 in translational regulation during oocyte development supported this idea
(Groisman et al., 2000). Specifically, these observations revealed the interaction
between tacc3 and the cytoplasmic polyadenylation element binding protein
(cpebl) at the centrosomes and mitotic spindles, where they work together in
controlling local cyclin B1 mRNA translation (Groisman et al., 2000). In this
context, it should be noted that other studies revealed that different classes of
mRNAs are associated with mitotic spindle (Blower et al., 2007; Blower et al.,
2005). Moreover, several physical interactors of TACC orthologs are known
regulators of gene transcription. Indeed, Tacc3 was shown to affect localization of
the aryl hydrocarbon receptor nuclear translocator (Arnt), a transcription factor
involved in xenobiotic and hypoxic response (Sadek et al., 2000), as a mechanism
of inactivation of its transcriptional function. TACC3 was also found to influence the

subcellular localization of friend of GATA-1 (FOG-1) by sequestration to the
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centrosome, impairing its interaction with the erythroid transcription factor (GATA-
1), thus inhibiting its cooperation in the transcriptional regulation of GATA-1 target

genes (Garriga-Canut and Orkin, 2004).

2.4. TACCs and mitosis

As described above, a main function of TACCs probably takes place during mitosis.
TACC1 may be necessary for progression through the late stages of M phase
(Delaval et al., 2004). Thus, TACC1 localizes diffusely to the midzone spindle in
anaphase and concentrates sharply at the midbody (Delaval et al., 2004),
colocalizing with a major regulator of cytokinesis, aurora kinase B (AURKB)
(Tatsuka et al., 1998; Terada et al., 1998). Inhibition of AURKB leads to abnormal
cell division and multinucleated cells, correlating with mislocalization of TACC1 at
the midbody (Delaval et al., 2004). While little is known about the role of TACC2 in
these processes, TACC3 was also shown to play an essential role in mitosis
progression, including chromosomal alignment and separation, and cytokinesis
(Gergely, 2002; Schneider et al., 2007a; Yao et al., 2007). Together, these data
highlight a principal role of TACCs in cell division control through participation in

different phases of this process.

2.5. TACCs and cancer

The three human genes encoding for TACC proteins map to chromosomal regions
shown to be re-arranged in certain cancers (Adnane et al., 1991; Still et al., 1999a;
Still et al., 1999b). TACC1, located in chromosome 8p11, was originally found to be
overexpressed in breast cancer (Still et al., 1999b), while other studies report
reduced expression in ovarian and breast tumor samples (Conte et al., 2003;
Lauffart et al., 2003). The TACCZ2 splice variant AZU-1, located in chromosome
10926, was first isolated in a screen for tumor suppressor genes in human breast
cancer (Chen et al., 2000), but the absence of a tumor phenotype in Tacc2-
knockout mice in more recent research did not support this idea (Schuendeln et al.,
2004). TACC3 has been also linked to cancer in several reports (Chen et al., 2000;
Lauffart et al., 2005; Still et al., 1999b; Ulisse et al., 2007). Together with TACC1,
downregulation of TACC3 has been associated with ovarian tumorigenesis (Lauffart
et al., 2005). Thyroid cancer tissues also present alteration of TACC3 expression
(Ulisse et al., 2007). In contrast, TACC3 has been shown to be overexpressed in
small cell lung cancer (Jung et al., 2006). Recently, common genetic variation at

the TACC3 locus has been associated with risk of urinary bladder cancer (with

21



Introduction

TACC3 and/or FGFR3 being the putative candidate genes) (Kiemeney et al., 2010),
and breast cancer (Olson et al., 2010). Together, these observations suggest a link
between TACCs deregulation and cancer susceptibility and/or progression, through

alterations of proper cell division and/or polarity.

2.6. TACC3, pathology and mitosis

The third member of the mammalian TACC family, TACC3, was identified by Still
and colleagues using a homology-based approach (Still et al., 1999b). TACC3
localizes to chromosome 4p16, a region frequently rearranged in certain cancer
types (Still et al., 1999b) and also affected by germline partial chromosome
deletions that cause Wolf-Hirschhorn syndrome (WHS) (disease identifiers Orphanet
280 and OMIM 194190) (Zollino et al., 2003). WHS is characterized by mental
retardation, microcephaly, seizures, poor muscle tone, cleft lip and/or cleft palate
and, occasionally, renal pathology such as hypoplastic and cystic dysplastic kidneys
(Verbrugge et al., 2009). Notably, TACC3 was shown to be included in a second
critical genomic region for WHS (i.e. WHSCR-2) (Zollino et al., 2003).

In mice, Tacc3 shows expression during embryonic development, presenting
a transient increase at day 15, which correlates with a possible role during
development (Still et al., 1999b). The absence of Tacc3 results in mid-to-late
embryonic lethality probably caused by widespread apoptotic cell death linked to
CIN (Piekorz et al., 2002). Lethality was overcome by crossing mice with a Tp53-
null model, suggesting a link with the S-G2/M transition (Piekorz et al., 2002). In
normal cells, the tumor suppressor p53 senses cytokinetic failure and undergoes
cell cycle arrest and/or death (Carter, 1967; Hirano and Kurimura, 1974; Uetake
and Sluder, 2004; Wright and Hayflick, 1972). However, in the absence of p53,
cells continue cycling and become large multinucleated polyploidy cells (Andreassen
et al., 2001; Lanni and Jacks, 1998; Minn et al., 1996). Importantly, early studies
reported that p53-deficient mice show a high frequency of centrosome amplification
(Fukasawa et al., 1996; Fukasawa et al., 1997). Further studies focusing on TACCs
have shown that lack of Tacc3 causes failure of chromosome separation at
anaphase and, therefore, failure of cytokinesis (Yao et al., 2007). Consistently, in
the absence of Tacc3, NIH3T3 fibroblasts show cell cycle arrest at G2/M phase
(Schneider et al., 2007a). Moreover, depletion of TACC3 in HelLa cells caused
prolonged activation of the spindle assembly checkpoint (SAC) accompanied by
polyploidization, supernumerary centrosomes and increased cell death (Schneider
et al., 2007a).
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Consistent with its role in cell division, expression of TACC3 has been found
exclusively in proliferating tissues (Sadek et al., 2003), with higher levels observed
during the S/G,/M phases (Piekorz et al., 2002). It has recently been reported that
TACC3 levels are accurately regulated during cell cycle progression via proteasome-
mediated degradation (Jeng et al., 2009). This regulation would depend on a
physical interaction with FZR1/CDH1, an activator of the APC/C (Nakayama and
Nakayama, 2006; Visintin et al., 1997).

23



Introduction

3 The Tuberous Sclerosis Complex

3.1. Overview

TSC is a genetic disorder with an autosomal dominant pattern of inheritance,
variable penetrance, and a total population prevalence of 1-9/100,000 (disease
identifiers Orphanet 805 and OMIM 191100/191092). TSC is caused by loss-of-
function mutations in the tumor suppressor genes TSC1 or TSC2 (European
Chromosome 16 Tuberous Sclerosis Consortium, 1993; van Slegtenhorst et al.,
1997) and characterized by the presence of hamartomas, which consist of benign
dysplastic and disorganized overgrowth within many organs (reviewed in (Crino et
al., 2006; Kwiatkowski, 2003b; Pan et al., 2004)). In addition, TSC patients often
present renal pathology, including angiomyolipomas and renal cysts; in particular,
those patients with genomic deletions affecting TSC2 and the adjacent PKD1 gene
on chromosome 16p13 develop severe, infantile polycystic kidney disease (disease
identifiers Orphanet 731 and OMIM 263200) (Brook-Carter et al., 1994; Harris et
al., 1995). Finally, TSC1/TSC2 mutations have also been associated with sporadic
pulmonary lymphangioleiomyomatosis (LAM) (disease identifiers Orphanet 538 and
OMIM 606690) (reviewed in (Crino et al., 2006)), a rare disease affecting only
women, characterized by abnormal smooth muscle cell proliferation in the lung

parenchyma and cystic degeneration (Crino et al., 2006; Ryu et al., 2006).

3.2. Clinical and pathological features

The most common clinical manifestation of TSC is seizures in infancy or early
childhood (Napolioni and Curatolo, 2008). In addition, population-based studies
have estimated that around 80% of children with TSC present epilepsy and a
prevalence of mental retardation of 44% (Joinson et al., 2003). Moreover,
behavioral problems are common in TSC, particularly autism, autistic spectrum
disorders, attention deficit, hyperactivity disorder, and sleep disturbance in children
(Gillberg et al., 1994).

Consistent with the main clinical manifestations, the most frequent
pathological lesions in TSC patients are tubers in the cerebral cortex and
subependymal nodules (SEN) along the walls of the lateral ventricles (Gomez,
1999). Histologically, tubers consist of disorganized areas of cortex lacking the
normal laminated architecture, and dysmorphic neurons with abnormal dendritic
arborization (Caviness and Takahashi, 1991; Huttenlocher and Heydemann, 1984;

Huttenlocher and Wollmann, 1991). Individuals with mental retardation tend to
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present a relatively higher number of tubers (Curatolo et al., 2001; Shepherd et al.,
1995), and it has been suggested that autism spectrum disorder is particularly

associated with tubers in the temporal lobes (Bolton et al., 2002).

In addition to neural pathology, renal angiomyolipomas, which consist of
benign neoplasms composed of fat, vascular, and smooth muscle elements, are
found in ~80% of TSC patients (O'Callaghan et al., 2004). Renal cysts are also very
common in TSC, occurring in 20% of children and as many as 50% of adults
(Casper et al., 2002). Other frequent manifestations of TSC are cardiac
rhabdomyomas, detected in ~60% of TSC patients and often the first clinical sign
(Watson, 1991). In addition, nearly all patients exhibit skin signs, including
hypomelanotic macules and forehead fibrous plaques (early expression), facial
angiofibromas and ungula fibromas (later development), and shagreen patches

(present by puberty) (Gomez, 1999).

In addition to the main clinical characteristics described above, 40-50% of
women with TSC present LAM (Costello et al., 2000; Franz et al., 2001; Taveira-
DaSilva et al.). Clinically, LAM is a progressive disorder of the lung, causing
dyspnea, spontaneous pneumothorax (often multiple), hemoptysis, cough,
chylothorax and chest pain, eventually leading to progressive respiratory failure
and death. Histopathologically, LAM causes diffuse cystic destruction of the tissues
of the lung by abnormal spindle-shaped, closely-packed smooth muscle cells

(Chorianopoulos and Stratakos, 2008).

3.3. TSC genetics

Two thirds of TSC cases are “sporadic” (i.e. no related individuals are affected), and
mutations in TSC2 contribute more frequently to these cases (odds ratio 6:1 with
respect to TSC1 mutations) (Dabora et al., 2001). According to the two-hit model
for tumor suppressor genes (Knudson, 1971), familial cases are present with a
dominant pattern of inheritance, being autosomal in both T7SCi and TSC2
(chromosome 9934 and 16p13, respectively (European Chromosome 16 Tuberous
Sclerosis Consortium, 1993; van Slegtenhorst et al., 1997)). Mutations in TSCl1
usually appear with a milder clinical and pathological phenotype than TSC2, with
multiple clinical aspects related to brain, kidney, dermatologic and retinal
involvement (Dabora et al., 2001). While inactivation of TSC1/TSC2 can occur
through different mutational mechanisms, partial genomic deletions at chromosome
16p13 can affect both TSC2 and PKD1 genes and cause severe infantile polycystic
kidney disease (Brook-Carter et al., 1994; Harris et al., 1995).
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3.4. TSC gene products: hamartin and tuberin

The TSC1 gene encodes for hamartin, a hydrophilic protein of 130 kDa with a
putative coiled-coil motif near the C-term (van Slegtenhorst et al., 1997) (Figure
6). The TSC1 gene product is ubiquitously expressed and has been shown to bind
to the ezrin/radixin/moesin (ERM) family of actin-binding proteins (Goncharova et
al., 2004; Lamb et al., 2000), which form crosslinks between cortical actin
filaments and the plasma membrane. Moreover, TSC1 also regulates RHO activity
through the RHO-activating domain within its amino terminus (N-term) (Lamb et
al., 2000).

The TSC2 gene encodes for tuberin, a 198 kDa protein that contains a region
with homology to GTPase-activating proteins (GAP) (European Chromosome 16
Tuberous Sclerosis Consortium, 1993; Maheshwar et al., 1997). TSC2 also contains
a calmodulin-binding domain, an oestrogen-receptor-a-binding domain (York et al.,
2005) and two coiled-coil motifs at aa positions 346-371 and 1008-1021 (van
Slegtenhorst et al., 1998), the first being responsible for the interaction with TSC1
(Figure 6).

TSC1 and TSC2 associate physically in vitro and in vivo through their coiled-
coil domains forming a heterodimer (Plank et al., 1998; van Slegtenhorst et al.,
1998). In this complex, TSC1 plays a stabilizing role by inhibiting proteasome-
mediated degradation of TSC2 (Chong-Kopera et al., 2006).
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Figure 6: Domains and motifs of TSC1 and TSC2
The figure shows a representation of TSC1 and TSC2 with the regulatory
phosphorylation sites and respective kinases responsible for their phosphorylation.

Adapted from (Crino et al., 2006).
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3.5. Role of TSC1 and TSC2 in cell growth and proliferation

The first evidence of a key role of TSC1 and TSC2 in the regulation of cell growth
and size came from studies in D. melanogaster, which showed that deletions in D-
TSC1 and D-TSC2 (gigas) increased cell and organ size (Gao and Pan, 2001; Potter
et al., 2001; Tapon et al., 2001). Subsequently, many studies in different cellular
and organism models have delineated the participation of TSC1 and TSC2 in the
PI3K-AKT-mammalian target of rapamycin (mTOR) pathway of nutrient signaling
and cell growth regulation (Dan et al., 2002; Kwiatkowski, 2003b; Kwiatkowski and
Manning, 2005; Manning and Cantley, 2003; Pan et al., 2004). TSC2, through its
GAP domain, enhances the GTPase activity of RAS homolog enriched in brain
(RHEB), which, in turn, is a positive regulator of the rapamycin-sensitive kinase
complex mTOR/RAPTOR termed mTORC1 (Castro et al., 2003; Garami et al., 2003;
Inoki et al., 2003a; Kwiatkowski, 2003a; Manning and Cantley, 2003; Saucedo et
al., 2003; Tee et al., 2003; Zhang et al., 2003). AKT1 phosphorylation decreases
the GAP activity of TSC2, with consequent release of RHEB inhibition and increase
in MTORC1 activity (Dan et al., 2002; Manning et al., 2002). In turn, mTORC1
positively regulates multiple processes, including CAP-dependent mRNA translation
via p70S6K/S6 and 4E-BP1/elF4E, ribosome biogenesis, autophagy, angiogenesis
and apoptosis (Lazaris-Karatzas et al., 1990; Raught et al., 2004; Richardson et al.,
2004; Wendel et al., 2004). In response to growth factors, amino acids and
nutrients, mTORC1 functions by phosphorylating two effector molecules, p70S6K
and 4E-BP1, to increase cell growth and proliferation (Hara et al., 1998; Inoki et
al., 2003b; Kim et al., 2002). Specifically, phosphorylation of RPS6 causes
increased ribosome biogenesis, and phosphorylation of 4E-BP1 permits messenger
RNA (mRNA) translation (Gingras et al., 1999; Hannan et al., 2003) (Figure 7).

As described above, the major link between the TSC1-TSC2 heterodimer and
mTORC1 is RHEB, a specific GTPase that acts downstream of TSC2 as shown in
Figure 7 (Inoki et al., 2003a; Saucedo et al., 2003; Stocker et al., 2003; Zhang et
al., 2003). RHEB, like other RAS family members, cycles between an active GTP-
bound state and an inactive GDP-bound state (Bourne et al., 1991). TSC2, via its
GAP domain, stimulates the intrinsic GTPase activity of RHEB and thus the
conversion of RHEB-GTP to RHEB-GDP, thereby inactivating RHEB. Loss of TSC2
function leads to enhanced RHEB-GTP signaling and mTOR activation (Castro et al.,
2003; Garami et al., 2003; Inoki et al., 2003a; Tee et al., 2003). Mutations in the
GAP domain of TSC2 lead to low GAP activity with respect to RHEB (Nellist et al.,
2005), suggesting that the GAP activity of TSC2 is essential for its physiologic
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function. Importantly, the functional characterization of TSC proteins as an intrinsic
suppressor of rapamycin-sensitive mTOR signaling pathway suggested a possible
therapeutic value of rapamycin (also named sirolimus) in the treatment of TSC
disease (Bissler et al., 2008; Goncharova et al., 2006; Kenerson et al., 2005).
MTOR also forms a second, rapamycin-insensitive complex (except long-term
treatments and cell-type specific) when bound to RICTOR, termed mTORC2 (Jacinto
et al., 2004; Sarbassov et al., 2004). MTORC2 positively regulates the actin
cytoskeleton and influences apoptosis through critical phosphorylation of Ser473 in
AKT1 and through PKC1/RHO activities (Jacinto et al., 2004; Peterson et al., 2009;
Sarbassov et al., 2004; Sarbassov et al., 2005). Notably, the TSC1-TSC2
heterodimer activates mTORC2 in a RHEB-independent manner, and this function
appears to be necessary for phosphorylation and, therefore, activation of AKT1
(Huang et al., 2008; Yang et al., 2006). However, in contrast to mTORC1, relatively

little is known about the functions of mTORC2.

3.6. TSC and the cell cycle

A wide variety of molecular functions and biological processes have been linked to
TSC1 and TSC2 (reviewed in (Napolioni and Curatolo, 2008)). Disruption of their
heterodimer allows activation of mTOR and its downstream targets, leading to
increased translation of a specific subset of mMRNAs, many of which are involved in
the cell cycle (Aicher et al., 2001; Goncharova et al., 2002; Manning et al., 2002).
Loss of TSC2 affects the cell cycle, shortening G1 and causing cells in GO to re-
enter the cell cycle (Soucek et al., 1997; Soucek et al., 1998). Consistently,
overexpression of TSC2 triggers an increase in the number of G1 cells in rat
fibroblasts, human neuroblastoma cells and TSC2-depleted cells (Miloloza et al.,
2002; Soucek et al., 1997; Soucek et al., 1998). Moreover, depletion of TSC2 in
mouse embryonic fibroblasts (MEFs) causes a decrease of the Cdk inhibitor p27,
leading to uncontrolled cellular proliferation (Soucek et al., 1998). In addition to its
roles at G1/GO phases, TSC1 is regulated at G2/M through phosphorylation by
CDK1, including a residue within the TSC2-interacting domain (Figure 6) (Astrinidis
et al., 2003). This modification appeared to be necessary for the activity of the
TSC1-TSC2 complex during mitosis, and a mutant form that cannot be
phosphorylated by CDK1 was shown to increase the inhibition of p70S6K (Astrinidis
et al., 2003).

In keeping with a possible role of the TSC1-TSC2 complex in the cell cycle,

TSC1 interacts with PLK1 in a phosphorylation-dependent manner, and both co-
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localize at the centrosome (Astrinidis et al., 2006). The interaction is TSC1-
dependent, with all three proteins present in the complex. Importantly, Tsci-null
mice show centrosome amplification compared to wild-type (wt), a phenotype that
is rescued by rapamycin treatment (Astrinidis et al., 2006). Together, these
observations suggest that TSC1 may play a role in centrosome biology and/or
mitotic progression (Astrinidis et al., 2006). Similarly, Tsc2-deficient Eker rat cells

have an abnormal, increased number of centrosomes (Gui et al., 2007).
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Figure 7: TSC/mTOR signaling pathway

PI3K is activated by growth factor receptors. These interactions recruit PI3K to its
(4,5) biphosphate (PIP2), allowing generation of
phosphatidyl-inositol (3,4,5) triphosphate (PIP3). AKT1 and PDK1 are recruited to the
plasma membrane through association with PIP3. AKT1 is then activated through
phosphorylation on Thr308 by PDK1 and Ser473 by mTORC2. Subsequently, active AKT1
can phosphorylate many downstream targets, including TSC2. Phosphorylation of TSC2

substrate phosphatidyl-inositol

impairs the ability of the TSC1-TSC2 complex to act as a GAP towards the small GTPase
RHEB. A negative-feedback loop exists in which mTORC1 and p70S6K phosphorylate
IRS1 and block signaling to PI3K. Growth factors also increase mTORC2 activity through
unknown mechanism. In addition, through a mechanism distinct from its regulation of
RHEB and mTORC1, the TSC1-TSC2 complex can bind to mTORC2 and may be required
for mTORC2 activation.

29



Introduction

3.7. Novel functions of TSC1 and TSC2: the centrosome and cell polarity

Neuronal defects in TSC patients have been hypothesized to be caused, at least in
part, by abnormal neuronal positioning and/or migration (Crino and Henske, 1999;
Gutmann et al., 2000; Sparagana and Roach, 2000; Vinters et al., 1999). Notably,
a recent report in mice models demonstrated a role of TSC1 and TSC2 in neuronal
polarity, suggesting a coordinated role of the TSC1-TSC2 heterodimer in regulating
polarization/growth in neurons (Choi et al., 2008). In addition, TACCs have recently
been shown to be critical in the interkinetic nuclear migration necessary for
maintaining the neural progenitor pool (Xie et al., 2007). On the other hand, renal
cystic diseases are associated with the absence or dysfunction of the primary cilium
and therefore loss of polarity and proper tissue architecture (Nauli et al., 2003;
Yoder et al., 2002a; Yoder et al., 2002b).

Having possible pathological links between TSC and dysfunction of cell divison
and polarity, new roles for TSC1 and TSC2 in the biology of centrosomes and the
basal body of cilia have been recently described (Astrinidis et al., 2006; Bonnet et
al., 2009; Hartman et al., 2009). Recent publications describe the role of the TSC1-
TSC2 heterodimer in primary cilium formation and cell polarity (Bonnet et al.,
2009; Hartman et al., 2009). TSC1 has been localized to the basal body of the
primary cilium (Hartman et al., 2009) and TSC2 interacts with PKD1 (Shillingford et
al., 2006), which has been localized to the primary cilium (Yoder et al., 2002a).
Depletion of Tscl or Tsc2 in MEFs results in enhanced cilia development (Hartman
et al., 2009) and further studies in this context not only show the involvement of
these proteins in the regulation of cilium formation but also suggest that TSC1 and
TSC2, together with PKD1, play a key role in maintaining cell polarity in pre-cystic
renal and hepatic cells (Bonnet et al., 2009). Together, these findings open new
research lines that may provide better understanding of the molecular mechanisms

leading to TSC pathogenesis.
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Hypothesis

Hypothesis

Proper centrosome number, function and structural integrity are critical for most
cellular properties, including motility, adhesion and polarity in interphase and
division through mitosis and cytokinesis (reviewed in (Bettencourt-Dias and Glover,
2007)). It is well established that centrosome alterations are common in many
types of neoplasias (reviewed in (Nigg, 2002)) and some neurological diseases
(reviewed in (Badano et al., 2005)) and that they correlate with loss of cell polarity
in different cellular models (reviewed in (Sankaran and Parvin, 2006)). Various
studies have demonstrated a key role of TACC proteins in centrosome function and
MT assembly during cell division (reviewed in (Peset and Vernos, 2008)). Three
human genes encoding TACC proteins have been described whose expression is
commonly altered in cancer cells but which show no clear specificities beyond their
cellular and developmental localization (Gergely et al., 2000a) or their interactions
with proteins involved in gene expression regulation (Angrisano et al., 2006;
Gangisetty et al., 2004; Garriga-Canut and Orkin, 2004; Lauffart et al., 2002;
Sadek et al., 2000; Still et al., 2004). To date, no other associations have been
identified that may elucidate the role of TACCs in cellular structures or in processes
related to human disease. To gain fundamental insight into these questions, we
mapped the TACC3 interactome (i.e. TACC3 protein physical interactions). The
results of this analysis revealed a physical interaction with TSC2, possibly involved
in maintaining nuclear envelope structure and controlling different phases of cell

division.
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Aims of the study

Aims of the study
The main aims of the study that constitute this PhD dissertation were:

Aim #1: To study the functional specificities and genetic and molecular
associations of human TACC genes and their products with regard to

centrosome biology.

Aim #2: To evaluate the potential role of the novel genetic and/or proteomic

associations identified in Aim #1 in human disease.
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Materials and Methods

1 MATERIALS
1.1. Cell culture

Hela, MCF7 and HEK293 cells were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM) supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine and
2 mM sodium pyruvate. BT474 cells were cultured in DMEM F12 supplemented with
10% FBS, 2 mM L-glutamine and 2 mM sodium pyruvate. HME/TERT (telomerase-
immortalized human mammary epithelial cells) were cultured in Mammary Epithelial
Growth Medium (MEGM) supplemented with 10% fetal bovine serum and
SingleQuots® (human epidermal growth factor (hEGF), insulin, hydrocortisone and
gentamicin/amphotericin-B). MCF10A cells were cultured in HuUMEC media
(Invitrogen) containing 1/3 recommended hEGF. Tsc2"* Tp53”7" and Tsc2”/ Tp537"
MEFs (the gift of Dr. Elizabeth P. Henske, Fox Chase Center, Philadelphia, USA)
were cultured in DMEM, 10% FBS, 2 mM L-glutamine and 100 pM non-essential
amino acids. In this case, plates were pre-treated with collagen R (solution 2 mg/ml
in 0.1% acetic acide). Tacc3*", Tacc3”" and wt MEFs were cultured in DMEM, 10%
FBS and 2 mM L-glutamine. TSC2-deficient ELT3 cells (the gift of Dr. Elizabeth P.
Henske, Fox Chase Center, Philadelphia, PA), derived from a uterine leiomyoma of
Eker rats (Howe et al., 1995), were cultured in DMEM F12 supplemented with 15%
FBS, 2 mM L-glutamine and 2 mM sodium pyruvate. Tsc1”~ MEFs were retrovirally
reconstituted with human TSC1/pMSCVneo as previously described (Astrinidis et
al., 2002). Stable clones were selected over two weeks by addition of 500 pg/ml
G418 in the growth medium. All cell cultures were grown at 37°C in a humidified
5% CO, atmosphere. Where indicated, HEK293 cells were arrested in G,/M using 5
ug/ml nocodazole (Sigma-Aldrich) or vehicle control dimethyl sulfoxide ((DMSO),
Sigma-Aldrich) for 12-24 hours (h). For rapamycin treatment, cells were grown in
media with 20 nM rapamycin for 15 h. Double thymidine blocked-based assays are

detailed in further sections.
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1.2. Antibodies

Immunofluorescence studies were performed with anti-AURKA (IAK1 Catalog
#610939, BD Biosciences) anti-AURKB (AIM-1 clone 6, BD Biosciences), anti-a6-
integrin (clone GoH3, BD Biosciences), anti-pS2448-mTOR (Catalog #2971, Cell
Signaling Technology), anti-NUP62 (clone 53, BD Biosciences), anti-TACC3 (H-300,
Santa Cruz Biotechnologies), anti-TSC1 (clone 5C8A12, Zymed, Invitrogen), anti-
TSC2 (clone 3G9D9, Zymed, Invitrogen), anti-pS939-TSC2 (Catalog #3615, Cell
Signaling Technology), anti-TUBG1 (clone GTU-88, Sigma-Aldrich) and anti-ZO-1
(catalog #61-7300, Zymed, Invitrogen). The phosphorylation-specific polyclonal
antibody against pS558-TACC3 was purchased from New England Peptide.
Unpurified and purified sera were tested for specificity relative to a defined TACC3

antibody (H-300 Santa Cruz Biotechnologies).

Immunoprecipitation assays were performed with anti-TACC3 (N-18, Upstate
Biotechnology; H-300, Santa Cruz Biotechnologies), anti-TSC2 (C-20, Santa Cruz
Biotechnology; clone 3G9D9, Zymed, Invitrogen) and anti-TSC1 (clone 3G9D9,
Zymed, Invitrogen). Other antibodies used in this study were anti-LMNA (clone
133A2, Chemicon, Millipore), anti RASA1/GAP120 (clone B4F8, Upstate, Millipore),
anti-pT389-S6K (Catalog #9205, Cell Signaling Technology), anti-CHFR (M0O1 clone
1H3-A12, Abnova), anti-CGN (H-180, Santa Cruz Biotechnologies), anti-PLK1 (aa 6-
24, Chemicon, Millipore), anti-pS10-H3 (Catalog #06-570, Upstate, Millipore), anti-
ARHGEF2 (aa 41-487) (Bakal et al., 2005) and anti-CP110 (aa 1-149, the gift of
Brian David Dynlacht). Purified negative control IgGs of different species were
purchased from Santa Cruz Biotechnologies. Epitope-tag antibodies were anti-FLAG
M2 (Sigma-Aldrich), anti-GFP (clone JL-8, BD Biosciences), anti-GST (Sigma-
Aldrich) and anti-MYC (clone 9E10, Sigma-Aldrich). Secondary HRP-linked
antibodies were purchased from GE Healthcare, and fluor-linked antibodies were
Alexa 488 or 546-594 nm anti-mouse and anti-rabbit, respectively (Molecular

Probes, Invitrogen).
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Table 1: List of primary antibodies

Materials and Methods

Antibody Dilution Source
a6-integrin (clone GoH3) IFL 1:100 BD Biosciences
AURKA (IAK1 #610939) IFL 1:500 BD Biosciences
AURKB (AIM-1 clone 6) IFL 1:250 BD Biosciences
ARHGEF2 (aa 41-487) WB 1:250 (Bakal et al., 2005)
CHFR (MO1 clone 1H3-A12) WB 1:250 Abnova
CGN (H-180) WB 1:200 Santa Cruz Biotechnologies
CP110 (aa 1-149) WB 1:500 (gift of Brian David Dynlacht)
FLAG M2 WB 1:1,000 Sigma-Aldrich
GFP (clone JL-8) WB 1:500 BD Biosciences
GST WB 1:2,000 Sigma-Aldrich
IHABP IFL 1:400 Serum (gift of Volker Assmann)
LMNA (clone 133A2) WB 1:50 Chemicon (Millipore)
MYC (clone 9E10) WB 1:2,000 Sigma-Aldrich
NUP62 (clone 53) IFL 1:500 BD Biosciences

WB 1:1,000
PLK1 (aa 6-24) WB 1:1,000 Chemicon (Millipore)
pS10-H3 (#06-570) WB 1:2,000 Upstate (Millipore)
pS2448-mTOR (#2971) IFL 1:500 Cell Signaling Technology
pS939-TSC2 (#3615) WB 1:1,000 Cell Signaling Technology
IFL 1:500
pT389-S6K (#9205) WB 1:1,000 Cell Signaling Technology
RASA1/GAP120 (#B4F8) WB 1:2,000 Upstate (Millipore)
TACC3 (H-300) WB 1:250 Santa Cruz Biotechnologies
IP 5ug
IFL 1:50
TACC3 (N-18) WB 1:250 Santa Cruz Biotechnologies
TSC2 (clone 3G9D9) IFL 1:500 Zymed (Invitrogen)
TSC2 (C-20) WB 1:250 Santa Cruz Biotechnologies
IP 5 ug
TSC1 (clone 5C8A12) WB 1:500 Sigma-Aldrich
IFL 1:100
Z0-1 (#61-7300) IFL 1:50 Zymed (Invitrogen)
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1.3. Expression vectors

To validate yeast two-hybrid (Y2H) interactions we first cloned the sequences of
interest into expression vectors. Briefly, full-length open-reading frames (ORFs)
were transferred into GST- and MYC-tagged Gateway-compatible vectors (pDEST-
27 and pCMV-MYC-N-term tagged vectors, respectively) (Figure 8) (Invitrogen).
First, we created PCR products of the fragments of interest in our study containing
attB sites by using primers with a 25-base pair attB sequence plus four terminal
guanines (G). Next, the PCR products were cloned into a Gateway DONR vector
(i.e. a plasmid containing the gene of interest and flanked by Gateway attL
recombination sites) using the BP method following manufacturer’s protocol
(Invitrogen). Having cloned the sequence of interest in the DONR vector, we next
cloned the DNA insert into the destination vector (pDEST-27 or pCMV-MYC-N-term)
by performing the LR reaction following manufacturer’s protocol (Invitrogen). The
pCMV-MYC-HMMR and pCMV-GST-TACC3 constructs were obtained using Gateway
Technology. The other tagged constructs used in this study were pCBF-Flag-CP110-
GFP, pEGFP-N-KIF1C and pEGFP vectors expressing different domains of TSC2
(pEGFP-TSC2, pEGFP-TSC2-HBD and pEGFP-TSC2-AHBD), gifts from William Tsang,

Reiner Lammers and Helena Goncharova, respectively.
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Figure 8: Gateway destination vectors
Structure of Gateway Technologies vector pDEST-27 (left panel). Structure of the pCMV-
MYC vector from Clontech, which was converted to Gateway using the Gateway Vector

Conversion System (Invitrogen) (right panel).
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2 EXPERIMENTAL PROCEDURES

2.1. Yeast two-hybrid screens

The Y2H system is a molecular technique used to identify and characterize protein
interactions, based on the observation that most transcription factors can be
separated into a DNA-binding domain (DBD) and a transcriptional activation domain
(AD) (Fields and Song, 1989). Thus, interacting proteins can be potentially
identified (X-Y heterodimer or X-X homodimer) by generating two different hybrid
proteins, one with X protein fused to the DBD and the other with protein Y fused to
the AD (Walhout and Vidal, 2001), which together reconstitute a transcription

factor that can activate the transcription reporter genes regulated by DBD sites.

Proteome-scale Y2H screens were performed following two different
strategies, transformation or mating (Vidalain et al., 2004; Walhout and Vidal,
2001), and using two different cDNA libraries, of human fetal brain or spleen
(ProQuest, Invitrogen). Three TACC3 baits were defined according to their protein
domains (Gergely et al., 2000a; Piekorz et al., 2002; Still et al., 2004), with the C-
term domain spanning aa 629-838 and cloned into the Gateway pDONR201
(Invitrogen) vector following manufacturer’s protocol (Invitrogen) and using
reverse transcriptase polymerase chain reaction (RT-PCR) products from healthy

lymphocytes with the following primers:

Forward 5’- GGGGACAAGTTTGTACAAAAAAGCAGGCTTGTCCACCGGACCTATAGT-3’

Reverse 5-GGGGACCACTTTGTACAAGAAAGCTGGGTTCAGATCTTCTCCATCTTGGAGATGAGG-3’

Baits were fully sequenced so that no changes relative to publicly available
sequence information were observed. Products were transferred to the pPC97 yeast
expression vector (Invitrogen) (Figure 9) to be fused with the DBD of GALA4.
Constructs were transformed in MaV203 (Invitrogen) or AH109 (Clontech) yeast
strains for screens using selective medium lacking histidine (HIS). The MaV203
yeast strain contains three GAL4-inducible reporter genes: GAL1::lacz,
SPAL10::URA3 and HIS3yasgar::-HIS3 (Vidal et al., 1996a; Vidal et al., 1996b). The
AH109 yeast strain contains distinct ADE2, HIS3, lacZ and MEL1 GAL4-inducible
reporter genes. Yeast strains were supplemented with 10 mM (mating protocol) or
20 mM (transformation protocol) 3-amino-1,2,4-triazole (3-AT; Sigma-Aldrich) to
test the interaction-dependent transactivation of the HIS3 reporter. Previously,
baits were examined for self-activation at range of 10-80 mM concentrations of 3-

AT. In total, using these conditions, more than 10 million transformants were
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screened per bait. Positive colonies were grown in selective medium for three cycles
(10-15 days) to avoid cDNA contaminants, prior to PCR amplification and sequence

identification of preys (Vidalain et al., 2004).

e Mating screening protocol

Prior to screening, we performed amplification of the cDNA library (ProQuest,
Invitrogen) containing the pPC86 vector (Invitrogen) (Figure 9) in Y187 (Clontech)
yeast strain, which contains the lacZ and MEL1 reporter constructs that are only
expressed in the presence of GAL4-based protein interactions and is an ideal library
host strain for AH109. Transformation of the cDNA library was performed as
follows: an overnight (o/n) patch of Y187 yeasts grown in a YPD plate was
inoculated in YPD liquid media (10 g yeast extract, 20 g bacto-peptone, 50 ml 40%
glucose for 1 liter) for 5-6 h until the ODggg increased to 0.4-0.5 units. Cells were
centrifuged for 5 minutes (min) at 2000 x g; the pellet was then washed twice in
distilled water and subsequently with TE/LiAc solution (for 50 ml, 5 ml of 10x TE
(100 mM Tris-HCI (pH 7.5, 10 mM EDTA) and 5 ml of 1 M LiAc) following
centrifugation as before; next, the cell pellet was resuspended in TE/LiAc/PEG
solution (TE/LiAc into 40 ml of 50% polyethylene glycol 3350) with 3 mg/ml of
boiled salmon testes DNA used as carrier and 30 ug of the cDNA library (ProQuest,
Invitrogen); the mix then was incubated at 30°C for 30 min prior to a heat shock at
420C for 15 min; cells were then centrifuged to remove the TE/LiAc/PEG solution
and resuspended in distilled water to be plated on YPD selective agar plates lacking
tryptophan (TRP) and supplemented with ampicillin and chloramphenicol; cells were
then incubated for two to three days at 30°C prior to appearance of colonies. On
the last day, colonies were scraped from plates, diluted in distilled water and stored

as glycerol stocks.

For screening, the different TACC3 baits were grown o/n in AH109 yeast cells
in YPD liquid media supplemented with ampicillin and chloramphenicol. The
following day, an aliquot of the previously amplified cDNA library was incubated for
10 min at 30°C in YPD media supplemented with glucose. In the meantime, ODgqgg
of the o/n bait culture was measured (should be > 2-5 OD units) and 80 ODggg of
the culture (e.g. for 3.6 ODgyg we used 21 ml) were mixed with the library. The mix
was centrifuged for 10 min at 2,500 x g. The pellet was resuspended in YPD liquid
media and plated on YPD non-selective agar plates. The plates were incubated for 4
h 30 min at 30°C. The grown culture was scraped under the flame using a Pasteur
pipette and water. Final volume was centrifuged for 10 min at 2500 x g. The pellet

was then resuspended in distilled water, plated on 10 mM 3-AT plates and
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incubated at 30°C. A 1/10,000 dilution of the final volume was also plated on YPD
plates lacking leucine (LEU) and TRP to calculate mating efficiency. After five to six
days, the colonies were picked and replicated to 3-AT plates ~4-5 times for three
weeks. After the last replica, colonies were picked and incubated at 37°C for 5 min
and then at 95°C for 5 min in a PCR machine for Zymolase digestion. Once cells
were digested, the prey DNA were obtained by PCR using primers to the AD
sequence and the termination sequence corresponding to the pPC97 vector. Next,

PCR products were purified following manufacturer’s protocol (Genomed GmbH)
and sequenced using AD primers.
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Figure 9: Y2H Gateway vectors

Figure shows structure of pPC97 (left panel) and pPC86 (right panel) used in this
study for Y2H screening.

e Transformation screening protocol

The first step in this protocol was to transform the construct containing our bait of
interest into the MaV203 yeast strain, as follows: an o/n culture of MaV203 yeasts
in YPD liquid media supplemented with glucose was centrifuged for 5 min at 2000 x
g; the pellet was then washed twice in distilled water and subsequently with
TE/LiAc solution (for 50 ml, 5 ml of 10x TE (100 mM Tris-HCI (pH 7.5, 10 mM
EDTA) and 5 ml of 1 M LiAc) following centrifugation as before; next, the cell pellet
was resuspended in TE/LIAc/PEG solution (TE/LiAc into 40 ml of 50% polyethylene
glycol 3350) with 10 mg/ml of boiled salmon testes DNA used as carrier and 50-
100 ng of the bait construct; the mix then was incubated at 30°C for 30 min prior
to a heat shock at 42°C for 15 min; cells were then centrifuged to remove the
TE/LIAc/PEG solution and resuspended in distilled water to be plated on YPD

selective (-LEU) agar plates; cells were then incubated for two to three days at
300°C prior to appearance of colonies.
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Once we had the yeast strain MaV203 transformed with our bait construct,
we proceeded to the screening. A patch of the yeast strain was inoculated into YPD
liquid selection media (-LEU) and grown o/n at 30°C. The following day, ODgyg of
the 1:10 dilution of the o/n culture was measured. We next calculated the amount
needed to inoculate a 250 ml YPD culture to give a final ODgy of 0.1. The medium
with the inoculated culture was grown for ~5 h at 30°C until ODgg increased to
0.35-0.6. Then, yeast cells were harvested by centrifugation at 2000 x g at 20°C
for 5 min and washed into distilled water. After a second centrifugation, cells were
resuspended in TE/LiAc solution and centrifuged again. The pellet was resuspended
in TE/LiAc solution in a total volume of 0.5 ml per 0.1 ODgg. At this point, we
proceeded to transformation of the yeast strain with 20-30 pg of human fetal
spleen or brain cDNA ProQuest library (Invitrogen) following the same protocol as
described above. After transformation, cells were plated on 20 mM selection plates
(-LEU, -TRP). A 1/10,000 dilution of the final volume was also plated on YPD
selection plates (-LEU, -TRP) to calculate the library transformation efficiency. After
five to six days colonies should be visible and can be picked and replicated to 3-AT
plates 4-5 times for three weeks. After the last replica, colonies were picked for

Zymolase digestion, PCR and product sequencing.

2.2. Expression profile analysis

Similarity of expression profiles was evaluated by computing the Pearson
correlation coefficient (PCC) using normalized (gcRMA) expression levels of the
GeneAtlas U133A human dataset (http://biogps.gnf.org) (Su et al., 2004).

Comparisons were made for all possible microarray probe pairs and p values

adjusted by the Bonferroni correction.

2.3. Phylogenetic analyses

Position-specific iterated BLAST (PSI-BLAST) (Altschul et al., 1997) searches were
performed against proteins encoded in genomes deposited in Ensembl as of January
2008 (Flicek et al., 2008), using human TACC proteins. Parameters were set to a
maximum of five interations and an e-value threshold of 0.0001. The phylogenetic
pipeline used here is adapted from Huertas-Cepas et al. (Huerta-Cepas et al.,
2007). Alignments of homologous sets of proteins were performed with MUSCLE 3.6
(Edgar, 2004) and trimmed to remove columns with gaps in more than 10% of the
sequences, unless this procedure would remove more than one third of the

positions in the alignment. In such cases the permitted percentage of sequences
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with gaps is automatically increased until at least two thirds of the initial columns
are conserved. Phylogenetic trees were reconstructed using Maximum Likelihood as
implemented in PhyML v2.4.4 (Guindon and Gascuel, 2003). We used a discrete
gamma-distribution model with four rate categories, in which invariant sites and the
gamma shape parameter were estimated from the data. Four different evolutionary
models were used (JTT, Dayhoff, VT and BLOSUMG62) and the one best fitting the
data according to the AIC criterion was selected (Akaike, 1973).

2.4. Cell cycle synchronization with the double thymidine block protocol

To arrest cell cultures at S phase, cells were seeded at 25-30% confluency and a
DMEM F12 with 2 mM thymidine was added for 18 h (i.e. first block). Cultures were
then trypsinized, washed twice with PBS for 10 min and seeded again in DMEM F12.
Nine h later, DMEM F12 with 2 mM thymidine was added for the next 17 h (i.e.
second block). Next, cultures were trypsinized, washed twice with PBS for 10 min
and released into DMEM F12. The first time point (S phase) was collected after cell
attachment was observed (1-5 h later depending on the cell line), the rest of the
time points were collected at 2, 4, 6, 8 and 10 h. Cells were prepared as described

in section 2.11.

2.5. MT binding assay

MT-binding assays were performed as previously described (Groisman et al., 2000).
Briefly, HEK293 cells from six confluent 150 mm tissue culture dishes were
collected by trypsinization and homogenized in 4 ml of PHEM buffer (60 mM PIPES,
25 mM HEPES, 1 mM EGTA, 1 mM MgAc, pH 6.8) supplemented with protease and
phosphatase inhibitor cocktails (Sigma-Aldrich). The homogenate was clarified by
centrifugation at 14,000 x g for 30 min, GTP was added to a final concentration of 1
mM, and taxol or nocodazole was added to a final concentration of 20 pM and 100
UM, respectively. The homogenates were incubated for 30 min at room temperature
with rotation, layered onto an equal volume of 15% sucrose cushion in PHEM
buffer, and centrifuged at 14,000 x g for 15 min. The supernatants and cushions
were aspirated, the pellets were washed once in PHEM buffer, sample loading buffer
was added, and resolved in 4-12% Bis-Tris NUPAGE gels using 1x MOPS running

buffer (Invitrogen).
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2.6. Cytokinesis assay

ELT3 cells (Tsc2 mutant and hTSC2-reconstituted counterparts) were seeded on
coverslips for 16-24 h before treatment with nocodazole. The day after, cells were
treated with 70 ng/ml nocodazole for 8-12 h, released in fresh media without
nocodazole for 90 min, and fixed with ice-cold methanol at different time points to
90 min. Immunofluorescence assays were performed as detailed above using anti-
TUBA linked to Cy3 fluor (clone TUB 2.1, Sigma-Aldrich) co-stained with DAPI.
Tscl-deficient cells were treated similarly, permeabilized in 0.1% Triton X-100 in
PBS for 30 min, blocked in this solution with 3% BSA for 30 min and mounted with

GelMount (BioMedia) prior to direct immunofluorescence and counting.

2.7. Cell fractionation analysis

Cells (Tsc2%*/Tp537" and Tsc2”/Tp53”7~ MEFs) growing in p100 dishes at 80%
confluence were trypsinized (3 min at 1750 x g) and washed twice with PBS. Next,
the pellets were resuspended in 500 pl of buffer A (10 mM HEPES-KOH pH 7.9, 1
mM MgCl,, 10 mM KClI and 0.5 mM dithiothretiol) containing protease and
phosphatase inhibitors (Complete Protease Inhibitor Cocktail Tablets, Roche
Diagnostics, and 5 mM NaF) and incubated for 10 min on ice. Cellular membranes
were disrupted by 15 passages through a 23-gauge needle plus 10 passages
through a 25-gauge needle. Then, cellular extracts were centrifuged for 5 min at
228 x g at 49C. The supernatant (cytoplasmic fraction) was collected and stored at
-200C, while the pellet (nuclear fraction) was resuspended in buffer B (0.25 M
sucrose, 10 mM MgCl, with protease and phosphatase inhibitors as above),
homogenized by 10 passages through a 23-gauge needle and centrifuged for 5 min
at 1,430 x g on a sucrose cushion (buffer C: 0.35 M sucrose, 0.5 mM MgCl, with
protease and phosphatase inhibitors as above). Next, the pellets (purified nuclei)
were resuspended in STM buffer (250 mM sucrose, 50 mM Tris-HCI pH 7.4, 5 mM
MgS0, with protease and phosphatase inhibitors as above), DNAse (250 ug/ml) and
RNAse (250 pg/ml). Pellets were incubated for 1 h on ice and centrifuged 10 min at
3,000 x g. The supernatants (S1) were collected and stored at -20°C, while the
pellets were resuspended in 1/5 LS/HS buffer (LS: 10 mM Tris-HCI ph 7.4, 0.2 mM
MgSO, and HS: 2M NacCl in LS buffer) supplemented with phenylmethylsulfonyl
fluoride (PMSF) and aprotinin. These pellets were incubated for 15 min on ice and
centrifuged for 20 min at 8,000 x g. Finally, the supernatants were collected (S2)
and the pellets resuspended in 1/5 LS/HS buffer following the same protocol as
described above. After centrifugation, pellets containing the nuclear matrix were

homogenized in STM buffer and subjected to Western blot analysis.
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2.8. Cell viability/proliferation assay

Cell viability (as a measure of proliferation over time) was determined using a 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay. This is a
colorimetric assay that measures the reduction of yellow MTT by mitochondrial
succinate dehydrogenase, producing an insoluble, colored (dark purple) formazan
product. The cells are then solubilized with an organic solvent and the released,
solubilized formazan reagent is measured spectrophotometrically. Since reduction
of MTT can only occur in metabolically active cells the level of activity is a measure

of the viability of the cells.

MCF7 cells transduced with the corresponding shRNA lentiviral particles were
seeded into 24 well plates at a density of 1x10* cells per well. Viability was then
measured at days 1, 5 and 8. For every time point, we added a final concentration
of 10 uM MTT per well and cells were incubated for 2 h at 37°C. Next, the media
was removed and the remaining formazan precipitate was diluted in 500 pl of

DMSO. Optical density was measured at 570 nm.

2.9. Three-dimensional culture of MCF10A cells on reconstituted basement

membranes

In the study of epithelial cell polarity and differentiation, MCF10A were grown as
three-dimensional (3D) cultures in reconstituted basement membrane (rBM)
(Geltrex™ from Invitrogen) (Debnath et al., 2003; Weaver et al., 1995). In these
conditions, cells produce acini structures that recapitulate the tissue architecture in

vivo with a hollow lumen and apicobasal polarization (Weaver et al., 1995).

Geltrex™ was thawed on ice in a refrigerator o/n. Working on ice, 40 pl
Geltrex™ was added to each well in a sterile eight-well glass chamber slide. Slides
were placed in a cell culture incubator to allow the basement membrane solidify for
at least 15 min. While the Geltrex™ was solidifying, cells were trypsinized, counted,
diluted in HUMEC media plus 2% Geltrex™ and plated to a final volume of 2,000
cells per well. Medium containing 2% Geltrex™ was changed every four days. For
quantitation of growth, pictures were taken at days 6, 8 and 12. Bright-field images
of acini were analyzed for size and shape with Image] software (National Institutes
of Health). For shape analysis, the square of the inverse of circularity was plotted.
At day 12 cells were fixed and prepared for immunofluorescence as described in

subsequent sections.
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2.10. Co-affinity purification assays

For co-affinity purification (co-AP) assays using Glutathione Sepharose 4B (GE
Healthcare), ORFs were transferred from the DONR vector into the N-term GST-
tagged Gateway destination vector pDEST-27 (Invitrogen) (Figure 8) as explained
above (section 1.3, Materials). Plasmids (1.5 pg) were transfected into HEK293
cells in six-well format using Lipofectamine 2000 (Invitrogen) or FuGene® 6 (Roche
Diagnostics). Cells were cultured for 48 h and lysates prepared in buffer containing
50 mM Tris-HCI, pH 7.5, 100-150 mM NaCl, 0.5% Nonidet P-40, 1 mM EDTA with
protease and phosphatase inhibitors (Complete Protease Inhibitor Cocktail Tablets,
Roche Diagnostics, and 5 mM NaF). Lysates were cleared twice by centrifugation at
13,000 x g before purification of protein complexes using glutathione-Sepharose
beads (GE Healthcare) for one h at 4°C. The glutathione beads were then washed
three times with lysis buffer, and denatured at 70-95°C for 5-10 min prior to SDS-
PAGE gel electrophoresis.

2.11. Co-immunoprecipitation assays

For co-immunoprecipitation (co-IP) assays, cells were harvested at subconfluent
density and washed twice with PBS. Cell lysates were prepared in buffer containing
20 mM Tris-HCI (pH 8.0), 100-150 mM NacCl, 0.5% Nonidet P-40, 1 mM EDTA with
protease and phosphatase inhibitors (Complete Protease Inhibitor Cocktail Tablets,
Roche Diagnostics, and 5 mM NaF). In some assays supplementary phosphatase
(10 mM NaF) or proteasome (MG-132, Sigma-Aldrich) inhibitors were added to the
solutions. Cells were incubated in lysis buffer for 15 min at 4°C and clarified twice
by centrifugation at 13,000 x g for 20 min. Protein concentrations in the clarified
lysates were determined by the BioRad Bradford Protein Assay. Preclearing was
carried out for one h at 4°C with Protein G Sepharose 4 Fast Flow (GE Healthcare).
Immunoprecipitations using 2.5 to 5 ug of antibodies were performed at 4°C o/n.
Samples were then incubated for one h at 4°C with Protein G Sepharose 4 Fast Flow
(GE Healthcare), washed three times with lysis buffer, and denatured at 70-95°C
for 5-10 min prior to SDS-PAGE gel electrophoresis.

2.12. Western blotting

For SDS-PAGE gel electrophoresis, samples were mixed in Laemmli loading buffer
(60mM Tris-HCI pH 6.8, 2% (w/v) SDS, 10% glycerol, 0.2 mg/ml bromophenol blue
and 0.1 M DTT), denatured at 70-959°C for 5-10 min and loaded in tris-glycine-SDS
PAGE gels. Proteins were separated by gel electrophoresis using the Bio-Rad mini
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gel apparatus. Next, proteins were transferred to Invitrolon PVDF (Invitrogen) or
IMMOBILON PVDF (Millipore) membranes using buffer containing 25 mM Tris base,
192 mM Glycine and 10 to 20% methanol (depending on the molecular weight of
the proteins of interest) and using the Bio-Rad tank transfer system. Membranes
were incubated for at least one h in blocking buffer with 5% low-fat dry milk in
TBS-T (TBS with 0.1% Tween-20). For identification of TSC1 or TACC3, membranes
were incubated in alternative blocking buffer: 2.5% low-fat dry milk; 2.5% BSA in
TBS-T. All antibody incubations were carried out in blocking buffer o/n at 4°C under
constant agitation. Membranes were then washed three times for 10 min with TBS-
T and probed for one h with horseradish peroxidase (HRP) labeled secondary
antibodies, diluted in blocking buffer according to the manufacturer’s instructions.
After a three 10 min wash with TBS-T, target proteins were identified by detection
of HRP-labeled antibody complexes with chemiluminescence using ECL or ECL-Plus
Western blotting Detection kit (GE Healthcare) following standard protocols. In
some cases, samples were resolved in NUPAGE Novex 4-12% Bis-Tris or 3-8% Tris-

Acetate Gels (Invitrogen).

2.13. Immunofluorescence

Cells were seeded on glass coverslips, fixed with ice-cold methanol (Panreac) for 10
min at room temperature and permeabilized with 0.02% Tween-20 in PBS. Cells
fixed on glass coverslips were incubated 45-60 min at room temperature with
blocking buffer (4% FBS and 0.02% Tween-20 in PBS) and stained with the primary
antibodies o/n at 4°C. The day after, cells were washed three times with 0.02%
Tween-20 in PBS for 20 min. Coverslips were incubated in secondary antibodies
conjugated with either Alexafluor 488 or 594 (Invitrogen) for 30-45 min at room
temperature. After three washes of 20 min with 0.02% Tween-20 in PBS, coverslips
were mounted over DAPI-containing VECTASHIELD (Vector Laboratories).
Immunofluorescences were observed on a confocal microscope (Olympus BX60)
and the images were obtained using a SPOT RT Mono-2000 camera (Diagnostic

instruments).

e Immunofluorescence staining of MCF10A cells cultured in rBM

Culture media was removed and wells washed with PBS to subsequently fix cells
with ice-cold methanol for two h at -20°C. Once fixed, cells were permeabilized with
PBS containing 0.5% Triton X-100 for 10 min at 4°C. After permeabilization, cells
were rinsed three times with PBS containing 100 mM Glycine for 10 min per wash

at room temperature. Then, cells were incubated for 45-60 min at room
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temperature with blocking buffer (0.1% FBS, 0.02% Tween-20 and 10% goat
serum in PBS) and stained with primary antibodies o/n at 4°C. The day after, cells
were washed three times with 0.02% Tween-20 in PBS for 20 min. Cells were
incubated in secondary antibodies conjugated with either Alexafluor 488 or 594
(Invitrogen) for 30-45 min at room temperature. After three washes with 0.02%
Tween-20 in PBS for 20 min, cells were stained with DAPI-containing VECTASHIELD
(Vector Laboratories) and covered with glass coverslips. Preparations were
observed on a confocal microscope (Olympus BX60) and the images were obtained

using a SPOT RT Mono-2000 camera (Diagnostic instruments).

2.14. shRNA design and viral preparation

Five different shRNAs against TACC3 (shRNA-TACC3), TSC2 (shRNA-TSC2) and
TSC1 (shRNA-TSC1) were purchased from Sigma-Adrich (St. Louis, MO). Five 21-
nucleotide shRNA duplexes from five different parts of the human TACC3 mRNA
(Gene Bank Accession No. NM 006342.1), human TSC2 mRNA (Gene Bank
Accession No. NM_000548), and human TSC1 mRNA (Gene Bank Accession No.
NM 000368) were designed by Sigma-Aldrich using the MISSION™ search

database at www.sigma-aldrich.com/missionsearch, which is produced and

distributed under license from the Massachusetts Institute of Technology. The
shRNA sequences tested were as shown in Table 2. Long-term, stable gene
silencing distinguishes short hairpin RNA constructs (shRNA) from other RNAI tools.
The lentiviral shRNA constructs can easily transduce typically difficult cell lines,
even non-dividing cells, and readily integrate the shRNA into the genome of these
cells for stable gene silencing under  selection with puromycin

(www.sigmaaldrich.com).

HEK293T cells were used as the packaging cell line for virus production.
Cells were co-transfected with the packaging vector psPAX2, the envelope vector
pMD2.G and shRNA sequence or pLKO.1 shRNA empty vector (Figure 10), using
FUGENE® 6 (Roche Diagnostics) as the transfection reagent in serum-free OPTI-
MEM (Invitrogen). Transfected cells were incubated in standard conditions for 12-15
h. Next, the media was removed and replaced with fresh DMEM 10% FBS, and
cultures were incubated for a further 24 h. The media was then harvested,
centrifuged at 1,750 x g and passed through a 0.45 um filter to remove any cellular
debris. Virus supernatant was used immediately for transduction or aliquoted at -
80°C.

MCF7 and MCF10A cells were transduced with lentivirus as follows: the cells

were plated at 70-80% confluency and transduced with shRNA lentiviral particles
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and Polybrene® (Sigma-Aldrich) at a final concentration of 8 pg/mL; next, cells
were incubated at 37°C for 24 h. The day after, virus-containing media was
replaced with fresh media, and 72 h after transduction the media was

supplemented with 5 pg/ml puromycin for selection of infected cells (4-5 days).

The lentiviral-based generation of single cell clones for doxycycline (DOX)-
inducible shRNA-mediated down-regulation of TACC3 expression used in this study
has been previously described for HelLa cells (Schneider et al., 2007a) or will be
published elsewhere for MCF7 and MCF10a cells (Schmidt et al., manuscript in
preparation). For immunofluorescence analysis, infected cells were grown

continuously under DOX (5 pg/ml) treatment.

Table 2: Target sequences used to down-regulate TACC3, TSC2 and TSC1

expressions

TRC# Description Sequence Validated Used

TRCN0000039733 TSC1 shRNA #33 CCGGCCACACATTTAATTCAGCTTTCTCGAG n/a
AAAGCTGAATTAAATGTGTGGTTTTTG

TRCN0000039734 TSC1 shRNA #34 CCGGGCACTCTTTCATCGCCTTTATCTCGAG Y R
ATAAAGGCGATGAAAGAGTGCTTTTTG

TRCN0000039735 TSC1 shRNA #35 CCGGGCCAAGAAAGACCACCTTCTTCTCGA Y
GAAGAAGGTGGTCTTTCTTGGCTTTITG

TRCN0000039736 TSC1 shRNA #36 CCGGGCAGCCATCTTGGAAGCATAACTCGA Y
GTTATGCTTCCAAGATGGCTGCTTTTTG

TRCN0000039737 TSC1 shRNA #37 CCGGGCTACATATCATGGACTACAACTCGAG n/a
TTGTAGTCCATGATATGTAGCTTTTTG

TRCN0000040178 TSC2 shRNA #78 CCGGCGACGAGTCAAACAAGCCAATCTCGA Y R
GATTGGCTTGTTTGACTCGTCGTTTTTG

TRCN0000040179 TSC2 shRNA #79 CCGGGCTCATCAACAGGCAGTTCTACTCGA Y
GTAGAACTGCCTGTTGATGAGCTTTTTG

TRCN0000040180 TSC2 shRNA #80 CCGGCGCTATAAAGTGCTCATCTTTCTCGAG n/a
AAAGATGAGCACTTTATAGCGTTTTTG

TRCN0000040181 TSC2 shRNA #81 CCGGCCAACGAAGACCTTCACGAAACTCGA Y
GTTTCGTGAAGGTCTTCGTTGGTTTTTG

TRCN0000040182 TSC2 shRNA #82 CCGGGAGGGTAAACAGACGGAGTTTCTCGA Y
GAAACTCCGTCTGTTTACCCTCTTTTTG

TRCN0000062023 TACC3 shRNA #23 | CCGGCCACGGAGCCGCTGTCCCCGCCTCGA n/a
GGCGGGGACAGCGGCTCCGTGGTTTTTG

TRCN0000062024 TACC3 shRNA #24 | CCGGGCAGTCCTTATACCTCAAGTTCTCGAG n/a
AACTTGAGGTATAAGGACTGCTTTTTG

TRCN0000062025 TACC3 shRNA #25 | CCGGCGCACAGGATTCTAAGTCCTACTCGA n/a
GTAGGACTTAGAATCCTGTGCGTTTTTG

TRCN0000062026 TACC3 shRNA #26  CCGGGCTTGTGGAGTTCGATTTCTTCTCGAG Y S
AAGAAATCGAACTCCACAAGCTTTTTG

TRCN0000062027 TACC3 shRNA #27 | CCGGCCAGGAAGTTCTGAGAACCAACTCGA n/a

GTTGGTTCTCAGAACTTCCTGG G

Y: sequence validated for knockdown by Sigma-Aldrich

***: sequence used for gene knockdown in this study
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Figure 10: Vectors used for lentiviral preparation
Figure shows the schematic structure of (A) the lentiviral packaging vector psPAX2, (B)

the lentiviral envelope vector pMD2.G and (C) the pLKO.1-puro vector.
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Results

1 A high-confidence TACC3 interactome network linked to

centrosome biology

In humans, all three TACC members have been linked to carcinogenesis (Conte et
al., 2002; Conte et al., 2003; Chen et al., 2000; Raff, 2002; Still et al., 1999a; Still
et al., 1999b), and the study of this family of proteins is starting to offer a variety
of promising applications related to cancer therapies; TACC3 has recently been
described as a novel prognostic maker in non-small cell lung cancer (Jung et al.,
2006) and as a potential biomarker in ovarian cancer (Peters et al., 2005). To gain
insight into TACC functions and their involvement in neoplasia we performed a Y2H

screen using the conserved domain of TACC3 as bait.

Sixteen different and mostly novel interactions were identified with the TACC
domain as bait, including the TACC3 homodimer and TACC1 and TACC2

heterodimers through the C-term region of the corresponding proteins (Figure 11).
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Figure 11: Y2H results for TACC3-TACC homo and heterodimers

Blue boxes show the aproximate boundaries of the corresponding TACC domains (amino acids,
AA). Bottom lines and AA indicate the overlap with the TACC3-Y2H preys. Asterisk indicates the
largest putative isoform of TACC2 (NP_996744).

Diverse molecular and functional evidence, including co-affinity purification
(co-AP) and endogenous co-immunoprecipitation (co-IP) assays, supports the high
confidence of this interactome. First, two interologs (i.e. orthologous pairs of
interacting proteins in different organisms (Matthews et al., 2001)) were identified:
with ch-TOG/CKAPS5, conserved interaction with TACC ortholog in S. pombe (Sato et
al., 2004), C. elegans (TAC-1) (Bellanger and Gonczy, 2003; Srayko et al., 2003),
D. melanogaster (Cullen and Ohkura, 2001; Lee et al., 2001) and X. laevis
(Kinoshita et al., 2005; O'Brien et al., 2005; Peset et al., 2005); and with
FAM161B, conserved interaction with TAC-1 (FAM161B putative ortholog:

Y38H6C.14, hypothetical protein NP_507957) (Li et al., 2004). In addition, KIF1C,
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another newly identified physical interactor of TACC3, has a homolog (KLP-1) at
“two-hop” interactions of TAC-1 (Figure 12), which suggests the identification of

an evolutionarily conserved TACC interaction module.
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Figure 12: A high-confidence TACC3 interactome network

The figure shows the resulting network from the Y2H screen, containing transcript and protein
associations represented by differently colored edges as detailed in the right panel. Discontinuous
lines show interactions for C. elegans orthologs. Blue lines show previously reported interactions
in humans (Aijaz et al., 2005; Lauffart et al., 2002). Protein function assignment is based on Gene

Ontology (GO) biological process terms.
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The fact that no additional interologs were detected—in particular relative to
TAC-1, which essentially contains the TACC domain—may be due to technical
limitations and/or evolutionary differences. Phylogenetic analysis indicated that
human TACCs probably resulted from two consecutive duplications occurring after
the divergence of vertebrates and uro-chordates, and that TACC1 and 2 originated
from the most recent of these duplications and are, therefore, more evolutionarily
related to each other than to TACC3 (Figure 13) (Still et al., 2004). This analysis
also suggested accelerated evolution of TACCs among coiled-coil domain-containing
proteins, which may further explain interactome differences across species (Figure
14).

The similarity of gene expression profiles for 7 of the 12 TACC3-Y2H prey
gene pairs, measured with the Pearson correlation coefficient (PCC) across a large
number of normal human samples (Su et al., 2004), is further evidence of the high-
confidence of the interactome (Figure 12; |PCC| > 0.30, Bonferroni-corrected P
values < 0.05). The primary area of similarity was positive co-expression, which
suggests synergistic roles in centrosome biology.

(The phylogenetic analyses represented in Figure 13 and Figure 14 were performed in

collaboration with Toni Gabalddn from the Center of Genomic Regulation at the Barcelona Biomedical
Research Park)
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Figure 13: Phylogenetic tree representing the evolutionary relationships
among human TACCs and related proteins

Duplication events at the base of vertebrates leading to the three TACC paralogous groups
are indicated by black circles. Members of each of the TACC paralogous groups are
indicated by colored boxes. Noteworthy is the presence of two paralogous copies of TACC1
in fish. Bootstrap support (over 100 replicates) is indicated for the main groupings. Three-
letter codes at the begining of the sequence identifier indicate the organism source:
Anopheles gambiae (Aga), Bos taurus (Bta), Canis familiaris (Cfa), Ciona intestinalis (Cin),
Danio rerio (Dre), Dasypus novemcinctus (Dno), Drosophila melanogaster (Dme), Echinops
telfairi (Ete), Gallus gallus (Gga), Gasterosteus aculeatus (Gac), Homo sapiens (Hsa),
Oryzias latipes (Ola), Pan troglodytes (Ptr), Rattus norvergicus (Rno), Loxodontha africana
(Laf), Macaca mulata (Mmu), Monodelphis domestica (Mdo), Mus musculus (Mms),
Oryctolagus cuniculus (Ocu), Takifugu rubripes (Tru), Tetraodon nigroviris (Tni) and
Xenopus tropicalis (Xtr). The corresponding sequences can be downloaded from

PhylomeDB (www.phylomedb.org).
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Figure 14: Phylogenetic analysis of TACCs within coiled-coil motif-

containing proteins (large tree)

Homologous proteins from a selected group of species were retrieved with PSI-Blast
searches starting from each human TACC representative. All TACC representatives
cluster within a monophyletic partition in the tree (see detail). High evolutionary
rates affecting TACCs are apparent from the relatively long branches leading to these
proteins. Their specific position within the tree is perhaps the result of long-branch
attraction. Three-letter codes as in Figure 13. The corresponding sequences can be

downloaded from PhylomeDB (www.phylomedb.org).
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Analysis of Gene Ontology (GO) term annotations in the TACC3 interactome
relative to all human coding genes identified significant over-representation of MT-
associated biological processes (Table 3), which include important regulators of
cilia formation (centrosomal protein 164 kDa (CEP164) (Graser et al., 2007) and
centrosomal protein 110 kDa (CP110) (Tsang et al., 2008)) and cytokinesis
(RHO/RAC guanine nucleotide exchange factor 2 (ARHGEF2/GEF-H1) (Birkenfeld et
al., 2007), leucine zipper, putative tumor suppressor 2 (LAPSER1/LZTS2) (Sudo
and Maru, 2007) and TACC1 (Delaval et al., 2004)). In particular, CP110 is a
centrosomal protein involved in centrosome duplication (Chen et al., 2002), cilia
growth regulation in growing cells (Tsang et al., 2008), and its deregulation may
contribute to genomic instability (Chen et al., 2002; Spektor et al., 2007; Tsang et
al., 2008). CEP164 has recently been localized to the mature centriole and shown
to regulate primary cilia formation (Graser et al., 2007). Consistent with the
involvement of TACCs in mitosis regulation, some of the TACC3 interactors
described in this study have been shown to play a role in cytokinesis. The tumor
suppressor LAPSER1 is present in the centrosome and midbody, and regulates
central spindle organization and progression of cytokinesis (Sudo and Maru, 2007).
TACC1 forms a complex with AURKB (Delaval et al., 2004), the major regulator of
cytokinesis (Tatsuka et al., 1998; Terada et al., 1998). Loss of AURKB seems to
affect TACC1 localization to the midbody, leading to abnormal cytokinesis
completion, which suggests a possible coordinated role of both proteins in this

process (Delaval et al., 2004).

Table 3: Over-represented GO biological process terms in the TACC3 interactome
(False discovery rate (FDR)-adjusted P values < 0.05)

Microtubule-based process

Microtubule cytoskeleton organization and biogenesis
Metabolic process

Cytoskeleton organization and biogenesis

Cellular metabolic process

Centrosome organization and biogenesis

Primary metabolic process

Microtubule-organizing center organization and biogenesis
Negative regulation of phosphoinositide 3-kinase cascade
Microtubule nucleation

Macromolecule metabolic process

Cell cycle
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The TACC3 interactions identified in the Y2H system were further evaluated
in complementary or independent biochemical assays. First, some of the
interactions were corroborated by co-APs of fusion proteins in HEK293 cells as
shown in Figure 15. In this assay, cells were co-transfected with GST-tagged full-
length human TACC3 or GST-only as a negative control and the Y2H prey cloned
into a different tagged construct (see Methods). This analysis identified co-AP of
TACC3 with the centrosomal protein CP110. We also verified the interaction with
KIF1C, a kinesin family member, plus-end enriched MT motor (Kopp et al., 2006)
and recently identified in a large functional genomic screen as a positive modulator
of ciliogenesis (Kim et al.). In addition, co-AP assays revealed a novel physical
interaction between TACC3 and the putative TACC homolog RHAMM (Figure 15B).
Consistently with TACC3 known functions, RHAMM is a centrosomal protein involved
in MT stabilization (Maxwell et al., 2003).
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Figure 15: Validation of TACC3 interactions by co-APs

Confirmation of TACC3 protein interactions by co-AP in HEK293 extracts. HEK293 cells were
co-transfected with (A) FLAG-CP110, (B) GFP-KIF1C or (C) MYC-HMMR, and GST-tag full
length TACC3 or GST-only constructs. Upper panels in (A), (B) and (C) show immunoblot
analysis of the GST pull-down assay using anti-FLAG, anti-GFP and anti-MYC antibodies,
respectively. Bottom panels show respective pull-down assays blotted against GST antibody
as a control. WCE, whole cell extract, co-AP, co-affinity purification and molecular weight

(kDa; kilodaltons) are shown.
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Additionally, co-IPs in HEK293 cell extracts identified complexes between
TACC3 and ARHGEF2/GEF-H1, CGN, CP110 (Figure 16) or TSC2 (Figure 17A).
ARHGEF2, a guanine nucleotide exchange factor for RHOA, and CGN, a junctional
adaptor, were previously shown to interact physically (Aijaz et al., 2005) controlling
at some point epithelial proliferation and differentiation. These data further support
the detection of true positive interactions for TACC3. In the study of the interaction
between TACC3 and CGN, cells were treated with nocodazole as shown in Figure
16B. Nocodazole treatment increased the interaction between the two proteins,

suggesting a G2/M-checkpoint dependency.
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Figure 16: Validation of TACC3 interactions by co-IP

Results show endogenous co-IPs in HEK293 cells for (A) ARHGEF2 and CP110 in normal
conditions and (B) for CGN in cells treated with nocodazole. WCEs and normal purified
immunoglobulin negative control (IgG R; rabbit) are shown. The antibodies (ab) used for

each experiment are shown in parentheses.
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The interaction between TACC3 and TSC2 was detected reciprocally using
different subconfluent and unsynchronized cell cultures and specific antibodies in
co-IP assays (Figure 17 and subsequent sections). However, unlike endogenous
levels of TSC2, our first results showed a weak interaction between TACC3 and
TSC2 (Figure 17A), suggesting that the TACC3-TSC2 complex formation may be
condition/location-dependent or transient. Protein complexes of TACC3-TSC2 were
identified in HEK293 and MCF7 extracts (Figure 17), and in cell cycle-synchronized
HelLa extracts (subsequent sections). In addition, complexes of TACC3 and
phospho-Ser939 (pS939)-TSC2 were detected in BT474 extracts (Figure 17B),
which are known to contain abundant phosphorylated TSC2 as compared to MCF7
(Ju et al., 2007).
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Figure 17: Validation of TACC3-TSC2 interaction by co-IP

(A) Western blot results showing reciprocal co-IPs of TACC3 and TSC2 in HEK293
extracts. (B) Panel shows results of a high-resolution Western blot where TACC3 co-IP
with pS939-TSC2—in addition to possibly unphosphorylated TSC2 as compared to
WCEs—can be resolved (detected with anti-pS939-TSC2 antibody) according to expected
differences between BT474 and MCF7 cells. WCE and normal purified immunoglobulin
negative control (IgG R; rabbit) are shown. Antibodies used for each experiment are

shown in parentheses.
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Once we had confirmed the interaction between TACC domain in TACC3 and
TSC2, our next goal was to identify the specific interacting region in TSC2. We
performed co-AP assays using GST-TACC3 and pEGFP vectors expressing different
domains of TSC2. These vectors were kindly provided by Dr. Goncharova
(Goncharova et al., 2004). The results suggested that the N-term region (aa 1-
460), but not the rest of the protein (data not shown), mediates the interaction
(Figure 18). This TSC2 fragment contains the TSC1-binding domain and a coiled-
coil motif (TSC2 hamartin-binding domain; TSC2-HBD). Interestingly, the TSC2-
HBD was previously shown to interact with TSC1 within its RHO-activation domain
(Hodges et al., 2001) and to be necessary for the regulation of the cytoskeleton
and cell adhesion (Astrinidis et al., 2002; Goncharova et al., 2004). In particular,
TSC2 was likely to be responsible for stress fiber disassembly and focal adhesion
remodeling through its interaction with TSC1 (Goncharova et al., 2004). Together,
our observations delineate a high-confidence TACC3 interactome network which

includes TSC2 and is linked to centrosome biology.
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Figure 18: TSC2 N-term region mediates TACC3 interaction

Co-AP of GST-TACC3 and pEGFP-TSC2-HBD in HEK293.Top panel shows Western blot
results using an anti-GFP antibody directed against GFP-TSC2-HBD. Bottom panel shows
results of the same blot probed with anti-GST antibody. Results of WCEs and the co-AP
assays are shown: arrows point to WCEs/co-APs GST-TACC3 and GST-only.
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2 TACC3 and TSC2 localize to the nuclear envelope and their

depletion causes morphological alterations of this structure

The identification of the tumor suppressor TSC2 as a novel TACC3 interactor
supports its involvement in MT-dependent structures and processes (Astrinidis et
al., 2002; Goncharova et al., 2004; Jiang and Yeung, 2006). An in vitro MT-binding
assay using taxol and nocodazole for MT stabilization and depolymerization,
respectively, and PLK1 and a-tubulin (TUBA) as controls showed that fractions of
TSC2 and its heterodimeric partner TSC1 are associated with MTs (Figure 19). This
finding may be linked to previous work indicating abnormal vesicular trafficking due
to MT disorganization in Tsc2-deficient cells (Jiang and Yeung, 2006). Together,
previous results and our confirmed MT association of TSC1 and TSC2 suggest a role

of TSC2/mTOR in regulation of MT organization.

(The MT-binding assay represented in Figure 19 was performed in collaboration with Aristotelis

Astrinidis from the Drexel University College of Medicine)
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Figure 19: MT association of TSC1 and TSC2

Figure shows Western blot results of a MT-binding assay of TSC2 and TSC1, and
appropriate controls PLK1 and TUBA, in HEK293. Sample load (L, 1/100 of input), pellets
(P) and supernatants (S, 1/100 of input) are shown.

To further investigate the association of TSC2 with cellular structures, we
examined its subcellular localization in HelLa cells and murine embryonic fibroblast
(MEF) cultures derived from littermate embryos with the Tsc2”/"/Tp537" genotype or
from controls with the Tsc2*/*/Tp537 genotype. These analyses suggested
localization of TSC2/Tsc2 at the nuclear envelope in interphase cells as shown in
Figure 20A. In support of this hypothesis, TSC2 co-immunoprecipitates with the
nuclear pore subunit NUP62 (Figure 20B), which in turn interacts physically with
centrosome- and nuclear envelope-associated proteins identified in the RHAMM

interactome (Pujana et al., 2007).
69



Results

A TSC2/Tsc2
(ab3G9D9) DAPI merge
Tsc2** MEFs Tsc2*
Tp53 * Tp53 * HelLa

B hekaesp S
— &
&
e O
v KL
& & ¢
kDa
‘ TSC2
148 | (abc20)
~ M| NUP62
64 ¥ | (abC53)

Figure 20: Nuclear envelope localization of TSC2/Tsc2

(A) Figure shows the subcellular immunolocalization of TSC2/Tsc2 in MEFs
(Tsc2**/Tp537 and Tsc2”/Tp537) and Hela cells. (B) Western blot results of
endogenous IP of TSC2 in HEK293 extracts showing the nuclear pore subunit NUP62

immunoprecipitation.

Having suggested the nuclear envelope TSC2 localization, TACC3 was also
found to localize at this structure in unsynchronized cultures (Figure 21).
Importantly, TAC-1 was previously found to interact physically with components of
the nuclear pore (NPP-1) and lamina (LMN-1) (Boxem et al., 2008).
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Control-shRNA TACC3-shRNA

TACC3
(abH300)

Figure 21: Nuclear envelope localization of TACC3

Figure shows subcellular immunolocalization of TACC3 analyzed by confocal
microscopy in MCF10A cells. A lentiviral shRNA expression system was used in
this study. Left panel shows MCF10A cells transduced with pLKO.1-based
scrambled control construct; right panel shows MCF10A cells transduced with

TACC3-shRNA construct. Scale bars represent 5 pm.
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To biochemically confirm the nuclear localization of TACC3 and TSC2, we
performed a cellular fractionation assay (see Methods) using Tsc2”//Tp53” and
Tsc2*/*/Tp537~ MEFs. Consistently with our previous observations in
immunofluorescences, Tsc2 and Tacc3, but not Tscl, co-purified with the major

structural component of the inner nuclear membrane, lamin A (Lmna) (Figure 22).
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Figure 22: Tacc3 and Tsc2, but not Tscl, co-purify with the nuclear
fraction

Co-purification of Lmna, Tacc3 and Tsc2 in Tsc2*/*/Tp537 compared to Tsc2”/Tp53""
MEFs. Fractionation and Western blot analyses are shown for the cytoplasm,
DNAse/RNAse-treated nuclear preparations, high-salt extraction buffer nuclear
preparations and the remaining pellet, which mainly represents the nuclear matrix.
Controls for the purity of the cytoplasmic (Rasal/Gap120) and nuclear matrix (Lmna)

fractions are shown.
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Perturbation of centrosome and/or nuclear envelope proteins may cause
morphological alterations of the envelope structure (Bonne et al., 1999; Dawe et
al., 2009; Luke et al., 2008; Malone et al., 2003). Several human diseases are
associated with nuclear envelope protein defects (Worman et al., 2009), being
mutations in LMNA the most frequent cause (Capell and Collins, 2006). In addition,
taxol treatment of cell cultures causes dramatic unraveling of the nuclear LMNA and
disorganization of nuclear pore structures (Theodoropoulos et al., 1999). Consistent
with TACC3 and TSC2 nuclear localization, morphological alterations of the
envelope in Tacc3- and Tsc2- but not Tscl-deficient MEFs were detected using
Nup62 immunostaining (Figure 23 shows representative fluorescence microscopy

images of Tacc3- and Tsc2-deficient MEFs and controls).
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Figure 23: Morphological alterations of the nuclear envelope in Tacc3-
and Tsc2-deficient MEFs

Figure shows abnormal nuclear envelope structures in Tsc2”°/Tp537-, and Tacc3* and
Tacc3”" cells, revealed by Nup62 immunofluorescence. Bottom right panel shows

micronuclei figures (arrows) in Tacc3” cells.

Moreover, Tacc3-deficient MEFs showed micronuclei figures at a frequency of
4.6 £ 1.5%, which were barely observed in wt MEFs similarly immortalized (0.3 +
0.5%; these results correspond to a typical experiment of four replicates with >
200 cells counted each) (Figure 23). Among the different nuclear abnormalities
described in the bibiliography, the presence of micronuclei (i.e. chromatin-
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containing, membrane bound bodies that can be present in addition to the normal
nucleus of the cell) has been frequently observed in cancer cells (Gisselsson et al.,
2001; Kalitsis et al., 2000). However, micronuclei figures were not observed in
Tsc2- or Tscl-deficient MEFs (data not shown). Taken together, these results
suggest a specific role of TSC2 in maintaining proper nuclear envelope structure,

possibly involving TACC3.
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3 pS939-TSC2 localizes to cytokinetic structures in a TACC3-

dependent manner

Given the physical interaction between TACC3 and TSC2, and the key role of TACC3
in regulation of cell division (Albee and Wiese, 2008; Gergely et al., 2003; Kinoshita
et al., 2005; Schneider et al., 2007b; Yao et al., 2007), we next analyzed the
subcellular localization of TACC3 and TSC2 along the cell cycle. We performed
immunofluorescence analysis of mammary epithelial cells using the centrosomal
protein RHAMM as a control. Initially, studies in non-synchronized telomerase-
immortalized human mammary epithelial cells (HME/TERT) revealed that TSC2
clearly localized to the midbody and to the cleavage furrow at cytokinesis (Figure
24). We also analyzed TACC3 (total and phosphor-Ser558 (S558)) localization
during cell division, using AURKA as a control. Total TACC3 immunostaining
confirmed mitotic spindle localization, while pS558-TACC3, which is an AURKA
phosphorylation site (LeRoy et al., 2007), localized to the spindle poles (Figure
25). To confirm antibody specificity for the phosphorylated form of TACC3 we
treated Hela cells with nocodazole, obtaining a rich population of mitotic cells and,
therefore, increasing the presence of pS558-TACC3 in the centrosomes (LeRoy et
al., 2007). A different migration band corresponding to pS558-TACC3 was observed

in Western blot results, as shown in Figure 25.

Figure 24: Subcellular localization of TSC2 during cell division

Immunofluorescence of HME/TERT showing TSC2 (tuberin, clone 3G9D9) staining at the
midbody (upper panel) and the cleavage furrow (bottom panel). RHAMM staining with
IHABP antibody was used as a control. RHAMM localizes at the mitotic spindle poles
(upper panel) and at the remaining microtubule (bottom panel). Scale bars represent 10

um.
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Figure 25: Subcellular localization of total- and pS558-TACC3
during cell division

Immunofluorescence of Hela cells showing pS558-TACC3 staining at the spindle
poles (upper panel) and total-TACC3 (H300) staining at the mitotic spindle
(bottom panel). AURKA (IAK1 #610939) staining was used as a control. AURKA
localizes at the mitotic spindle poles (upper panel) and at mitotic spindles (bottom
panel). Scale bars represent 10 um. Right panel shows Western blot of HelLa cells
in normal conditions and Hela cells treated with nocodazole, blotted against
pS558-TACC3 (New England Peptide) and TUBA.

To corroborate these preliminary results, we next analyzed TACC3 and TSC2
(total and pS939) during cell division by confocal laser scanning microscopy in four
cell lines (BT474, HeLa, MCF7 and MCF10A). In metaphase, TACC3 and total-TSC2
localized at the spindle MTs and poles, while pS939-TSC2 was specifically detected
at the poles (Figure 26A). In telophase and cytokinesis, both total- and pS939-
TSC2 were particularly strong at the cleavage furrow, while TACC3 localized in the
pericentrosomal region and at the remaining polar spindle MTs in the midbody
(Figure 26B).

(The confocal laser scanning experiments corresponding to Figure 26, Figure 28 and Figure 29 were
performed in collaboration with Stephan Schmidt from the Department of Biochemistry and Molecular

Biology II at Heinrich-Heine University, Disseldorf)
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Figure 26: Subcellular localization of TACC3 and TSC2 during mitosis

and cytokinesis

(A) Localization of TACC3 and TSC2 at mitotic spindle microtubules and poles, and of
pS939-TSC2 at spindle poles. Representative fluorescence (top panels) or confocal laser
scanning (bottom panels, scale bars 10pm) microscopy images are depicted. Nuclei were
stained with DAPI and microtubules with an anti-TUBA antibody. (B) Localization of
TACC3 in pericentrosomal areas and at the remaining spindle microtubules in the
midbody during cytokinesis, and of TSC2 and pS939-TSC2 at the cleavage furrow.

Control staining using ab against AURKB and TUBA is shown. Representative confocal

b
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laser scanning microscopy images are depicted. Scale bars represent 10 pm.
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Given the observed interaction through TSC2-HBD (Figure 18), we
hypothesized the existence of dynamic associations between TACC3, TSC1 and
TSC2. To test this hypothesis, we synchronized HelLa cells by double thymidine
block. Using PLK1 as a mitotic maker, we observed that TACC3-TSC2 complexes
were mostly evident through mitosis (4-10 h after release), while TSC1-TSC2
complexes appeared more strongly in S-G,/M (2 and 4 h after release) (Figure
27). Unfortunately, we were unable to obtain stronger interaction bands for TACC3
or TSC2 reciprocal co-IPs as shown in Figure 27 (left panels). We believe that this
could be due to a transient, and possibly dependent of biochemical modifications,
interaction between the two proteins, which makes it difficult to obtain better
evidence. However, taken together, these data are consistent with co-IP results in
unsynchronized cell cultures (Figure 17) and suggest a role for TACC3-TSC2 in

regulation of cell division.
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Figure 27: TACC3-TSC2 interaction through the cell cycle

Cell cycle synchronization and co-IP assay in Hela cultures using a double thymidine
block protocol. Results are shown for TSC2 and TACC3 co-IPs, including IgG controls,
and for protein levels across the corresponding WCEs (PLK1 as mitotic marker). Time

points (h) of post-thymidine block release are indicated.

77



Results

Having established a dynamic association between TACC3 and TSC2, we next
evaluated the dependence on TACC3 for TSC2 localization during cell division. A
doxycycline (DOX)-regulated shRNA system allowing almost complete depletion of
TACC3 in HelLa cells was used (Schneider et al., 2007b). Depletion of TACC3 in
HelLa cells correlated with loss of reactivity of pS939-TSC2 at spindle poles and
intercellular bridges during cytokinesis (Figure 28). Two phosphorylated forms of
MTOR—pS2448- and pS2481-mTOR—have been described as localizing to mitotic
and cytokinetic structures (Vazquez-Martin et al., 2009a; Yaba et al., 2008). In this
context, the AMP-activated protein kinase (AMPK)—a key regulator of metabolism
and proliferation that acts upstream of the TSC1-TSC2 complex—has also been
shown to localize to several mitotic structures throughout all of the mitotic stages
and cytokinesis (Vazquez-Martin et al., 2009c), and has been suggested as a
putative novel tumor suppressor of the mitotic/cytokinetic phase of the cell cycle
(Vazquez-Martin et al., 2009b).
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Figure 28: TACC3-dependent subcellular localization of pS939-TSC2
during cell division

Loss of pS939-TSC2 reactivity and/or localization in TACC3-depleted Hela cells at days 2
and 3 of DOX-induced shRNA expression. Graphs show absolute numbers of cell counts
as indicated and representative images of TACC3-depleted HelLa cells are shown in right
panels. Upper panels represent analysis of pS939-TSC2 localization at spindle poles and
lower panels represent analysis of pS939-TSC2 localization at the cytokinetic cleavage

furrow. Scale bars represent 10 pym.
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To determine whether other TSC2-related proteins were affected by TACC3
depletion, we performed the same experiment described above and examined TSC1
and pS2448-mTOR localization during cell division. However, in contrast to pS939-
TSC2, we did not observe alterations of either TSC1 or pS2448-mTOR (Figure 29),
which further supports a specific function of TSC2 in relation to TACC3 during cell

division.
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Figure 29: Localization of pS2448-mTOR during cell division is not affected in
TACC3-depleted Hela cells

Loss of pS2448-mTOR reactivity and/or localization in TACC3-depleted HelLa cells at days 2 and 3 of
DOX-induced shRNA expression. Graphs show absolute numbers of cell counts as indicated and
representative images of TACC3-depleted HelLa cells are shown in right panels. Top panels represent
analysis of pS2448-mTOR localization at spindle poles and bottom panels represent analysis of

pS2448-mTOR localization at the cytokinetic cleavage furrow. Scale bars represent 10 um.
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4 TACC3 or TSC2 deficiency results in cytokinetic delay and

increased appearance of binucleated cells

Consistent with loss of pS939-TSC2 localization to cytokinetic structures in TACC3-
depleted cells, abnormally elongated abscission was a common phenotype observed
in unsynchronized Tacc3- and Tsc2-deficient MEFs detected by AURKB
immunostaining (Figure 30). When abscission fails, cytokinesis remains
incomplete, and the cleavage furrow regresses, thus leading to the formation of
binucleated cells (reviewed in (Glotzer, 2005)). Consistently, higher percentages of
binucleated cells were observed in Tacc3-deficient and Tsc2-deficient MEFs relative
to wt counterparts (Tacc3”” 8.5 + 3.2%; Tacc3™ 6.8 * 3.1%; wt, immortalized
MEFs 2.0 £ 1.0%; and, Tsc2”/Tp537 6.6 £ 2.1%; Tsc2**/Tp537 2.6 £ 1.5%;
these percentages illustrate mean values of three replicates with > 500 cells
counted each) (Figure 31). Disruption of the expression of various mitotic proteins
(e.g. BRCA2 (Daniels et al., 2004), AURKB (Terada et al., 1998) or KIF23 (Zhu et
al., 2005)) has consistently been shown to interrupt cytokinesis and increase
binucleated cell formation. These results suggest a role for TACC3 and TSC2 in
regulating cytokinesis and are consistent with previously reported tetraploidization
Eker rat leiomyoma tumor cells (ELT3) with a germline Tsc2 mutation (Gui et al.,

2007).
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Figure 30: Tacc3- and Tsc2-deficient MEFs show abnormal
cytokinesis compared to controls
Aberrant (elongated) abscission in Tsc27/Tp53” and Tacc3™" cells compared to wt
counterparts as indicated by immunofluorescence staining for the passenger
protein AURKB.
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Figure 31: Tacc3-deficient and Tsc2-deficient MEFs present higher

percentages of binucleated cells relative to wild-type counterparts

(A) Graph shows representation of binucleated cells (%) in MEF cultures of the Tsc2”",
Tacc3”", Tacc3* genetic background relative to corresponding wild-type. MEFs were
fixed and stained with anti-TUBA ab and DAPI, and the percentage of multiple nuclei
was calculated by direct counting of > 500 cells from each cell line. The graph shows
the mean and standard deviation (P values computed with chi-square test). (B) Panel
shows binucleated Tsc2”/- MEFs (white arrows) detected by staining with TUBA and
DAPI.
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Next, ELT3 cells were used to evaluate the effects of Tsc2-defiency on cell
division in synchronized cultures. We performed a cytokinesis assay in which cells
were arrested with nocodazole for 8-12 h, released and analyzed at different time
points. Tsc2-deficient ELT3 cells exhibited significant delay in completion of
cytokinesis relative to human TSC2 (hTSC2)-reconstituted cells (Figure 32 shows a
typical experiment with total > 500 cells counted at each time-point; two-tailed t-
test at 90 min P value = 0.005).
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Figure 32: Tsc2-deficiency causes delay in cytokinesis progression

Figure shows evaluation of cytokinesis progression in ELT3-V1 (Tsc2-deficient, vector
control) relative to ELT3-T3 (hTSC2-reconstituted) cells using nocodazole synchronization
protocol. (A) Graphical representation of the percentages of cytokinetic figures in cells
after nocodazole release over time (min). Results are shown for a typical experiment of
three independent replicas. Curves include the mean and standard deviation calculated
from five independent microscopy fields with counting each >100 cells at each time point.
Percentages of cytokinetic cells at 90 min after nocodazole release are shown with colored
crosses as indicated for each cell line. Right panel shows the confirmation of the
TSC2/Tsc2 status of ELT3 cells before and after hTSC2 reconstitution. (B) Representative
fluorescence microscopy images (x20) in ELT3-V1 relative to ELT3-T3 cells at 90 min with

cytokinetic figures marked with arrows, using AURKB immunostaining.
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In agreement with the delayed cytokinesis observed in Tsc2-deficient MEFs,
slower completion of cytokinesis after nocodazole release was also observed in
Tscl-deficient compared to human TSC1 (hTSC1)-reconstituted MEFs (Figure 33)
and, consistently, Tscl-deficient cells also showed increased incidence of
binucleation in unsynchronized cultures relative to wt cells (Figure 34). However,
aberrant cytokinetic figures (i.e. elongated abscission) were not observed at an
increased frequency in Tscl-deficient cells (Figure 34), which suggests
complementary but not fully redundant functions of TSC1 and TSC2 in cell division,
with TACC3-mediated localization of pS939-TSC2 at cytokinetic structures.

(The cytokinesis assay represented in Figure 33 was performed in collaboration with Aristotelis

Astrinidis from the Drexel University College of Medicine)

25 | —®&@— Tsc1* hTSC1-reconstituted (T9)
—il— Tsc1” hTSC1-reconstituted (T3)
= —o— Tsc1* vector (P2)
< 20 —B— Tsc1* vector (P1)
” _
e
=
2
o 15+
®
c
£
2 10
>
o
5 —
L ! [ [
0 25 50 75
Time (min)

Figure 33: Tscl-deficiency causes delay in cytokinesis progression
Graphical representation of cytokinetic figures (%) in MEF cultures of the Tsc1”" genetic
background reconstituted with hTSC1 (T3 and T9) or vector controls (P1 and P2), and

synchronized with nocodazole. Mean and standard deviation are shown.
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Figure 34: Tscl-deficient MEFs present high percentage of binucleated cells but
not aberrant cytokinesis

(A) Graph shows representation of binucleated cells (%) in MEF cultures of the Tsc1”" genetic
background relative to corresponding wt. MEFs were fixed and stained with anti-TUBA and DAPI,
and the percentage of multiple nuclei was calculated by direct counting of > 500 cells from each cell
line. The graph shows the mean and standard deviation (P values computed with chi-square test).

(B) Panel shows normal abscission figures in Tscl-deficient MEFs detected by AURKB
immunostaining.
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If TACC3-TSC2 interaction is biologically relevant in vivo, the cytokinetic
abnormalities observed in ELT3 cell cultures should correlate with detectable
alterations of gene expression in epithelial tissues of Eker rats compared to
controls. To test this hypothesis, we evaluated association of cell cycle-related gene
sets (i.e. sets for G4/S, S, G,, G,/M and M/G; phases (Whitfield et al., 2002)) in a
genome-wide expression dataset of Eker rat kidneys and controls (Stemmer et al.,
2007) using the non-parametric approach in the Gene Set Enrichment Analysis
(GSEA) tool (Subramanian et al., 2005). The GSEA is a computational method that
determines whether an a priori defined set of genes shows statistically significant,
concordant differences between two biological states. This analysis revealed that
Eker rat kidneys had higher expression of genes involved in cytokinesis and mitotic
exit (M/G; set, P value = 0.04, Figure 35) than normal rat kindeys; however,
other cell cycle-related gene sets showed no difference (P value > 0.20). This
observation further supports the critical role of TSC2/Tsc2 in cytokinesis and
suggests relevant consequences in pathology.

(The analysis represented in Figure 35 was performed by Nuria Bonifaci, a member of our

research group)
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Figure 35: Association of M/G1 genes with Eker status

The GSEA output is shown including enrichment score and M/G1 gene (i.e. genes
with periodic expression and a peak at M/G1 (Whitfield et al., 2002)) positions in
the whole-genome ordered gene list according to the signal-to-noise expression

ratio between Eker and normal kidneys.
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5 TSC2 acts epistatically to TACC3 in the control of cell viability

To decipher the underlying TACC3-TSC2 relationship in control of cell division, we
examined the existence of genetic interactions. We use the term “genetic
interaction” to define a phenomenon where the effect of one gene is modified by
another gene. Then, the gene whose phenotype is expressed is said to be
“epistatic”. For this purpose, lentiviral shRNA constructs were transduced into MCF7
cells, and the effects of single gene depletions were compared to those of
simultaneous depletion of TACC3 and TSC2 in a cell viability assay (time course of
viable cells measured using a methylthiazol tetrazolium (MTT) assay). Depletion of
TSC2 significantly increased viability relative to the pLKO.1 control, whereas loss of
TACC3 had the opposite effect (Figure 36A, the graph shows the typical results of
three independent experiments in MCF7 cultures; ANCOVA Bonferroni-corrected P
values < 0.005). Interestingly, simultaneous depletion of TSC2 and TACC3 rescued
the reduced viability observed in the TACC3-depleted cells to a level similar to that
observed in the presence of TSC2 depletion only (Bonferroni-corrected P = 0.09).
Taken together, these data suggest that TSC2 acts epistatically to TACC3 in
regulation of cell viability.
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Figure 36: TACC3-TSC2 epistatic relationship

(A) Results of a typical cell proliferation assay in MCF7 cells depleted of TACC3, TSC2,
or TACC3 and TSC2 simultaneously, or transduced with a pLKO.1-based scrambled
control construct. The graph shows the relative proliferation rate (number of viable cells
measured using MTT conversion) over one, five and eight days after transduction with
the corresponding lentiviral construct(s). (B) Western blot results showing depleted
proteins in WCEs.
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Sensing the integrity of the MT network and the nuclear envelope structure
contributes to an early mitotic checkpoint mediated by CHFR (Scolnick and
Halazonetis, 2000; Summers et al., 2005), which is a regulator of AURKA (Yu et al.,
2005). As an E3 ubiquitin ligase, CHFR targets AURKA for ubiquitination and
degradation, thus ensuring proper mitotic progression (Yu et al., 2005). In keeping
with the putative role of TACC3 and TSC2 in MT dynamics and nuclear envelope
structure (Figures 20-23), levels of CHFR and cyclin B1 (CCNB1) were higher in
MCF7 cells after shRNA-mediated depletion of either TSC2 or TACC3 (Figure 37).
Accumulation of CCNB1 is consistent with previous observations of cell cycle-
dependent regulation and depletion studies of TACC3 expression (Jeng et al., 2009;
Schneider et al., 2007b; Yao et al., 2007). However, simultaneous depletion of
TSC2 and TACC3 did not cause an accumulation of CHFR or CCNB1 (Figure 37),
which is consistent with an epistatic relationship (Figure 36). Accumulation of
CHFR/CCNB1 and activation of the early mitotic checkpoint in TSC2-depleted cells
may be compatible with increased proliferation due to the concomitant increase in
mTOR signaling and translation. Whereas TSC2 depletion resulted in an increase in
phosphorylation of ribosomal protein S6 kinase (pT389-S6K), as expected, TACC3-
depleted cells showed lower levels of this marker (Fig. 5B). Consistent with an
epistatic relationship, simultaneous depletion of both proteins resulted in increased
pT389-S6K (Figure 37).

3
&
" & o
ShRNA P o )
FOPEIPC Q\;b
kDa
CHFR
71
- (abM01)
M CCNB1
| (abv152)

e | 5T389-S6K

S M| (209205)
55

J“ﬂ TUBA
a1 (abDM1A/B)

Figure 37: TACC3-TSC2 convergence to the early mitotic checkpoint
mediated by CHFR

Analysis of early mitosis checkpoint activation by accumulation of CHFR and CCNB1 in MCF7
cultures depleted of TACC3 or TSC2 versus TACC3 and TSC2 simultaneously, or pLKO.1
control transduced cells. Evaluation of the pT389-S6K (p70/p85) in these conditions is

shown.
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To determine whether aberrant mTOR signaling in Tsc2-deficient cells leads to
perturbation of Tacc3 expression, protein levels were assayed in rapamycin-treated
Tsc2-deficient MEFs and ELT3 cells and compared to DMSO-treated controls. These
assays revealed that inhibition of mTOR signaling significantly increases Tacc3
levels (Figure 38). Together, these observations support the convergence of
TACC3/TACC3 and TSC2/TSC2 in nuclear envelope structure integrity and cell

division control through genetic and molecular interactions.
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Figure 38: mTOR/TSC mediated regulation

Figure shows the effect of rapamycin treatment on Tacc3 levels in Tsc2-deficient cell
lines. Tsc2-deficient ELT3 leiomyoma extracts (ELT3-V1, left panels) and Tsc2/Tp537
MEF extracts (right panels) are shown. Blotting against pT389-S6K is used as a control
of mTOR signaling and TUBA as a loading control.
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6 Depletion of TACC3 or TSC2 results in abnormal cellular

organization and loss of cell polarity

Given the observed involvement of TACC3 and TSC2 in cell division and
proliferation, and the epistatic interaction between the two proteins, our next aim
was to determine the role of this relationship in regulating tissue architecture,
which is commonly disrupted in TSC patients (reviewed in (Napolioni and Curatolo,
2008)). We first performed single depletions of TACC3, TSC2 and TSC1 using
lentiviral shRNA preparations and measured growth dynamics during apicobasal
differentiation, which can be modeled by culture of MCF10A cells in reconstituted
basement membrane (rBM) (Debnath et al., 2003). Depletion of either TACC3 or
TSC2 resulted in phenotypically abnormal cell clusters under bright-field
examination, whereas after TSC1 depletion we did not observe substantial
phenotypical abnormalities (Figure 39A). Shape and size were analyzed, and we
observed that clusters were, on average, significantly larger than controls, while no

major changes in shape were seen (Figure 39B).
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Figure 39: Depletion of TACC3 and TSC2, bu: not TSC1, impair
apicobasal polarization

(A) Figure shows representative bright-field images from control vector pLKO.1,
shRNA-TSC2, shRNA-TACC3 and shRNA-TSC1 transduced cultures eight days
after seeding. Magnification is equivalent for all images and scale bars represent
20 pm. (B) Western blot results showing depleted proteins in WCEs. (C)
Architecture of acini-like spheroids (hereafter termed acini) was quantified from
bright-field images of cultures treated as described above. For comparison
between experiments, all values were normalized to untreated cultures within
experiments and differences assessed statistically relative to pLKO.1. Graph
shows means and standard errors from four independent experiments. Asterisks

indicate significant differences (two-sided t-test P < 0.05) from controls. 89
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Examination of cytoskeletal elements by confocal scanning at day 12
revealed aberrant structural organization of TACC3- and TSC2-, but not TSCl1-
depleted acinar structures. We used Z0O-1 and a6-integrin as markers of apical and
basal polarity, respectively (Fogg et al., 2005; Koukoulis et al., 1991; Plachot and
Lelievre, 2004). As shown in Figure 40, transduced clusters showed no expression
of ZO-1 and presented an abnormal distribution of a6-integrin, futher suggesting a

role for TACC3 and TSC2 in apicobasal polarity.
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Figure 40: Depletion of TACC3 and TSC2, but not TSC1,
affects apicobasal polarity

Figure shows confocal laser scanning analysis of the apical marker ZO-1
and the basal marker a6-integrin in TACC3, TSC1 and TSC2-depleted

cultures fixed at day 12. Scale bars represent 20 pm.
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Having established the effects of single depletions, we investigated the
phenotype under simultaneous depletion of TACC3 and TSC2, and TACC3 and TSC1
(Figure 41). Surprisingly, as shown in the Western blot illustrated in Figure 41B,

even though shRNA-TACC3 lentiviral particles were known to be efficient, we

observed that simultaneous depletion together with either TSC2 or TSC1 increased

TACC3 expression to levels similar to that observed in the controls. This effect was
also observed after single TSC1 depletion (Figure 39B). Thus, in MCF10A cells

TACC3 expression may be regulated by the TSC/mTOR pathway,

hypothesis warrants further investigations.
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Figure 41: Simultaneous depletion of TACC3/TSC2 and
TACC3/TSC1 impairs apicobasal polarization

(A) Figure shows representative bright-field images from control vector
pLKO.1, shRNA-TACC3/shRNA-TSC2 and shRNA-TACC3/shRNA-TSCI1
transduced cultures eight days after seeding. Magnification is equivalent
for all images and scale bars represent 20 um. (B) Western blot analysis
of depleted proteins in WCEs. (C) Architecture of acini-like spheroids
(hereafter termed acini) was quantified from bright-field images of
cultures treated as described above. For comparison between
experiments, all values were normalized to untreated cultures within
experiments and differences assessed statistically relative to pLKO.1.
Graph shows means and standard errors from two independent
experiments. Asterisks indicate significant differences (two-sided t-test P

< 0.05) from controls.
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In contrast to viability in MCF7 cells (Figure 36), no epistatic or other type
of interaction was observed in this study between TSC1/2 and TACC3. Notably,
simultaneous depletion of TACC3 and TSC2 did not rescue differentiation. In fact,
equivalent acini alterations were observed for single and double TACC3/TSC2
depletions. Importantly, simultaneous depletion of TACC3 and TSC1 resulted in a
more severe phenotype than that observed in single TSC1 depletion. Shape and
size were analyzed and we observed that clusters were, on average, larger than
controls, although not to the same degree as after single depletions (Figure 41B).
In this case, no major changes in shape were seen, but we observed irregular
morphology of the basolateral acinar domain, suggesting some perturbation of this
structure. Confocal scanning analysis of double-depleted structures using ZO-1 and
a6-integrin as markers of apical and basal polarity, respectively, was consistent

with previous observations in single depletions (Figure 42).
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Figure 42: Simultaneous depletion of TACC3/TSC2 and TACC3/TSC1

affects apicobasal polarity
Figure shows confocal laser scanning analysis of the apical marker ZO-1 and the basal
marker a6-integrin in TACC3/TSC2 and TACC3/TSC1-depleted cultures fixed at day 12.

Scale bars represent 20 pm.
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Interestingly, simultaneous depletion of TACC3 and TSC2 showed more
severe disruption of the basolateral domain revealed by a6-integrin staining. This
observation was consistent with the presence of abnormal projections at the
basolateral domain identified in brightfield images (Figure 41A). Together, these
results reveal new roles for the TACC3-TSC module in epithelial apicobasal
differentiation, suggesting a possible involvement in tissue architecture and,

therefore, pathology.
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Discussion

The TACC family of proteins is characterized by an evolutionarily conserved coiled-
coil domain (Gergely et al., 2000a). All TACCs have been localized to the
centrosome at varying times throughout the cell cycle and, when perturbed lead to
centrosome abnormalities and dysfunction (Gergely, 2002; Gergely et al., 2000a).
In mammals, three members of the TACC family have been identified, TACC1,
TACC2 and TACC3, showing expression alteration in many cancer types (Still et al.,
1999a; Still et al., 1999b). Several studies involving TACC3 in centrosome biology
and MT stabilization had been published at the time this project was begun
(Kinoshita et al., 2005; Peset et al., 2005; Piekorz et al., 2002; Raff, 2002; Still et
al., 2004; still et al., 1999b). To gain insight into the role of TACCs in centrosome
biology and, ultimately, human pathology, we screened for protein physical
interactions of TACC3 using the TACC domain as bait.

The TACC3-centered interactome reveals physical interactions that are
consistent with known molecular and functional associations of TACCs across
species (Peset and Vernos, 2008) (Figure 12). Two known conserved interactions
have been identified in this study: with ch-TOG/CKAP5 and with FAM161B. The MT-
binding protein ch-TOG/CKAP5 has been found to interact with TACC ortholog in S.
pombe (alp7), C. elegans (TAC-1), D. melanogaster (D-TACC) and X. laevis (tacc3)
(Peset and Vernos, 2008). Ch-TOG/CKAPS is essential for MT stability (Kinoshita et
al., 2002), and previous studies report that TACC proteins are required for proper
recruitment of ch-TOG/CKAP5 to the centrosome (Bellanger and Gonczy, 2003;
Cullen and Ohkura, 2001; Kinoshita et al., 2005; Le Bot et al., 2003; Lee et al.,
2001; Sato et al., 2004; Srayko et al., 2003). The interaction with the predicted
protein FAM161B is conserved in C. elegans (Li et al., 2004). In addition, our
screening shows a new physical interactor of TACC3: KIF1C, a plus-end MT motor
that promotes podosome dynamics (Kopp et al., 2006) and has a homolog (KLP-1)
that interacts with TAC-1. These findings not only support the fidelity of the TACC3-
interactome but also suggest the identification of a functional module conserved
across species. Phylogenetic analysis performed in this study indicates that human
TACC genes are the product of two consecutive genomic duplications that occur
after the divergence of vertebrates and uro-chordates (Figure 13-14). Our results
support the idea that TACC1 and 2 evolve from the most recent duplications and
are more evolutionarily related to each other than to TACC3. Thus, we hypothesize
that this evolutionary condition of TACC3 and possible technical limitations of the
technology used are the main reasons why no additional interologs were detected

in our screening.

97



Discussion

Some of the interactions described in this work also provide novel
mechanistic hypotheses on the role of TACCs in MT-network organization and
centrosome or basal body biology. Consistent with the centrosomal localization of
TACC3, we have identified an interaction with TUBGCP6, which is a member of the
y-TURC required for MT nucleation at the centrosome (Murphy et al., 2001). A
second centrosomal protein found in our interactome is the putative tumor
suppressor LZTS2 (also named LAPSER1). The LZTS2 gene was previously mapped
to a region with frequent loss of heterozygosity (LOH) in patients with epithelial
cancer types (Cabeza-Arvelaiz et al., 2001). Moreover, recent studies demonstrate
the involvement of LZTS2 in cytokinesis by co-localizing and interacting with the
essential mitotic regulators in the centrosome and midbody (Sudo and Maru, 2007).
TACC1 and TACC2 have also been identified in our screening as interacting partners
of TACC3. Notably, TACC1 has been found to form a complex with the major
regulator of cytokinesis AURKB (Delaval et al., 2004), which further supports the
predicted roles of TACC3 in centrosomal biology and suggests novel functions in cell
division.

Three relevant interactors found in our Y2H screen and corroborated by co-IP
assays are ARHGEF2 (also known as GEF-H1/Lfc), CGN and TSC2 (Figures 15-17).
Since TACCs are deregulated in many epithelial neoplasias (Still et al., 1999a; Still
et al., 1999b), TACC3 may be involved in cell migration and differentiation through
its interaction with ARHGEF2 and CGN. ARHGEF2 is a guanine nucleotide exchange
factor for RHOA and CGN is a cell-to-cell tight junction adaptor (Citi et al., 1988;
Ren et al., 1998). The RHO family of small GTPases—RHOA, RAC1 and CDC42—are
key regulators of actin cytoskeletal remodeling, cell adhesion, and migration
(Etienne-Manneville and Hall, 2002; Ridley, 2001). Thus, reciprocal activation of
RHOA, RAC and CDC42 is critical for the regulation of these processes, and
deregulation of this balance may promote cell transformation and metastasis (Sahai
and Marshall, 2002). In this context, CGN binding to ARHGEF2 inhibits RHOA
activation, promoting polarized epithelial formation (Aijaz et al., 2005). The specific
role of TACCs in this process is unknown but TSC1-TSC2 complex has been shown
to regulate RHO GTPases (Astrinidis et al., 2002; Goncharova et al., 2004; Lamb et
al., 2000). This function of TSC proteins may explain the metastatic phenotype of
benign smooth muscle-like cells in LAM caused by TSC1 and TSC2 mutations
(Hohman et al., 2008). Binding of TSC2 to TSC1 causes activation of RAC1 and,
consequently, inhibition of RHOA activity, leading to stress fiber disassembly and
focal adhesion remodeling (Goncharova et al., 2004). Intriguingly, TSC2 binds to
TSC1 through TSC2-HBD (Hodges et al., 2001; van Slegtenhorst et al., 1998), and
this domain seems to be both necessary and sufficient for TSC2 regulation of the
98



Discussion

actin cytoskeleton and focal adhesion (Goncharova et al., 2004). Since TACC3
might interact with TSC2 through the TSC2-HBD domain (as shown in Figure 18) it
could have a role in promoting cytoskeletal remodeling and the metastatic LAM
phenotype. Alternatively, RHOA and the actin cytoskeleton can potentially be
regulated by the TACC3-TSC2-mTORC2 axis (Jacinto et al., 2004; Sarbassov et al.,
2004). Indeed, mTORC2 positively regulates the actin cytoskeleton through RHO
GTPases signaling (Jacinto et al., 2004). Similar regulation may also occur during
cell division. Once ARHGEF2 has been released from its phospho-dependent
inhibition by AURKA, it activates RHOA to promote cytokinesis (Birkenfeld et al.,
2007). ARHGEF2 and TSC2 may then compete for TACC3 binding in a similar
manner to the transition from epithelial proliferation to differentiation. The role of
TACC3 in these processes may be common or converge on other TACCs, as our
data suggest heterodimer formations. In further support of the potential
associations of TSC/mTOR pathway components with centrosome biology, a recent
integration of physical interactions has revealed associations between the glycogen
synthase kinase 3 beta (GSK3B), AMPK, KIF1C and LZTS2 (Pilot-Storck et al.,
2010). Intriguingly, GSK3B co-immunoprecipitates and phosphorylates TSC1 and
TSC2 and, probably, plays a role in regulation of cell growth and proliferation
through the mTOR pathway (Inoki et al., 2006; Mak et al., 2005; Mak et al., 2003).

With regard to the process mediating epithelial polarity, the TACC3
interactome may also provide additional hypotheses on the development of renal
cysts in TSC patients. Renal cysts appear more frequently in patients with TSC2
mutations (Dabora et al., 2001; Sancak et al., 2005), probably caused by large
deletions involving the adjacent gene PKD1 (Sampson et al., 1997). Tscl- and
Tsc2-deficent MEFs show enhanced primary cilium development, and the
corresponding genes interact with Pkdl in this process (Bonnet et al., 2009;
Hartman et al., 2009). As corroborated by co-AP and co-IP assays, the physical
interaction of TACC3 with key players in primary cilium development, where
CEP164 is a promoter (Graser et al., 2007) and CP110 a suppressor (Spektor et al.,
2007; Tsang et al., 2008), suggests that TSC2 function in this process can be
mediated through regulation of these interactions. Similarly to processes of
epithelial polarity and mitotic exit, inactivation of AURKA, the master regulator of
TACCs, is necessary for cilium formation (Pugacheva et al., 2007), which in turn
might be coordinated with regulation of the novel TACC3 interactions with TSC2 and
CEP164/CP110.
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This study also reveals a novel role of TSC2 in the maintenance of the
nuclear envelope structure. Consistent with the findings of previous reports showing
purification of TSC2 with nuclear fraction (Rosner et al., 2007; York et al., 2006),
we illustrate through immunofluorescence, co-immunoprecipitation and cellular
fractionation that TSC2/Tsc2 localizes to the nuclear envelope in interphase cells
(Figures 20-22). Moreover, TACC3/Tacc3 also localizes to the nuclear envelope in
unsynchronized cultures (Figure 21). Thus, both Tacc3 and Tsc2 co-purify with the
major structural component of the inner nuclear membrane, Lmna (Figure 22). In
agreement with these observations, Tsc2 and Tacc3 but not Tscl deficiency results
in morphological alterations of the nuclear envelope detected by Nup62
immunostaining, suggesting a combined role for TACC3 and TSC2 in maintaining
proper nuclear envelope structure (Figure 23). These observations suggest a
specific role for TSC2 relative to TSC1. Individuals with a TSC1 mutation present
less severe phenotypes than those with a TSC2 mutation in multiple clinical
features that relate to brain (e.g. seizures, mental retardation, number of tubers),
kidney (e.g. renal angiomyolipomas and cists), dermatologic (e.g. facial
agiofibromas), and retinal (e.g. retinal hamartomas) involvement of TSC (Dabora et
al., 2001; Jones et al., 1999; Sancak et al., 2005). At least two hypotheses may
explain these observations: first, second-hit events (Knudson, 1971) may occur
more often in TSC2 than in TSC1; second, loss of specific functions of TSC1 or TSC2
such as deregulation of nuclear envelope structure may have different effects in
cells (Dabora et al., 2001). Mutations in genes encoding nuclear envelope proteins
cause a wide variety of diseases termed “nuclear envelopathies” or “laminopathies”,
which are commonly associated with muscle-related anomalies and, in some cases,
accompanied by neurological abnormalities (Dauer and Worman, 2009; Elcock and
Bridger, 2008). In this context, besides the known disease caused by mutations in
LMNA (Worman et al., 2009), new studies have identified novel functions of nuclear
pore proteins (nucleoporins), including roles in cell division, transcriptional
regulation, and signaling, providing new insights into disease (Chakraborty et al.,
2008; Hetzer and Wente, 2009; Lupu et al., 2008). In particular, a recessively
inherited missense mutation in the nucleoporin gene NUP62 leads to infantile
bilateral striatal necrosis, a neurological disorder caused by progressive damage to
a part of the brain called the striatum (Basel-Vanagaite et al., 2006). However,
although no clear overlap has been reported between clinical manifestations in
“nuclear envelopathies” and TSC, abnormal neuronal migration may be a common
link. In this scenario, TACCs are critical in interkinetic nuclear migration in neuronal
progenitors: concomitant to altered MT organization, perturbation of TACCs affects

nuclear position and mode of division (Xie et al., 2007). Neuronal defects in TSC
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patients have been considered to be caused by disorders of cell migration (Crino
and Henske, 1999; Gomez, 1999; Vinters et al., 1999) and, in fact, cells lacking
TSC1 or TSC2 have an altered capacity for motility and migration (Crino et al.,
2006). Together with the involvement of TSC1-TSC2 complex in regulation of the
actin cytoskeleton described above, our findings revealing a possible coordinated
role of TACC3 and TSC2 in maintaining nuclear envelope structure may give novel

insights into the neuronal migration defect in TSC disease.

Subcellular localization analyses performed in this work suggest a role for
TACC3-TSC2 in regulation of cell division (Figure 26). In metaphase, both TACC3
and total-TSC2 localize to the spindle MTs and poles, whereas pS939-TSC2
specifically localizes to the poles. In telophase and cytokinesis, total- and pS939-
TSC2 concentrate at the cleavage furrow, with TACC3 more concentrated in the
pericentrosomal region and at the remaining polar spindle MTs in the midbody.
Notably, depletion of TACC3 results in loss of pS939-TSC2, but this depletion does
not affect pS2448-mTOR localization to mitotic and cytokinetic structures, which
suggests a specific function for TSC2 relative to TACC3 (Figures 28-29).
Consistent with pS939-TSC2 mislocalization in cytokinetic structures after TACC3
depletion, Tsc2 deficiency results in abnormally elongated abscission, cytokinetic
delay and elevated proportions of binucleated cells (Figures 30-32). In
agreement, studies in angiofibroma stroma cells from TSC patients report increased
cytokinetic figures associated with binucleated cells (Toyoshima et al., 1999).
Abnormally elongated abscission and binucleated cells are also observed in Tacc3-
deficient MEFs, sustaining the hypothesis that TACC3 and TSC2 work together in
the regulation of cell division and, in particular, cytokinesis. Surprisingly, Tscl-
deficient MEFs present a slower completion of cytokinesis and an increased
incidence of binucleated cells, but not elongated abscission, suggesting that TSC1
may play a non-redundant role in cell division (Figures 33-34). Given these
observations, we propose that localization of pS939-TSC2 mediated by TACC3 may

be necessary for proper completion of cytokinesis.

Since TACC3 and TSC2 seem to play a coordinated role in cell division, they
may also be involved in cell proliferation. In this context, previous studies report
that TACC3 depletion induces postmitotic arrest (Schneider et al., 2008). In
contrast, it is well known that the TSC1-TSC2 complex regulates the mTOR
pathway and, consequently, depletion of TSC2 results in enhanced activation of
mTOR and its downstream targets leading to cell proliferation (El-Hashemite et al.,
2003; Goncharova et al., 2002). Accordingly, our study shows that shRNA-
mediated depletion of TACC3 decreases viability of MCF7 cells compared to

controls, whereas loss of TSC2 has the opposite effect (Figure 36). Intriguingly,
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simultaneous depletion of TACC3 and TSC2 rescues the reduced viability observed
in single depletion of TACC3 to a level comparable to that observed in TSC2-
depletion. Given these observations, we suggest the existence of a genetic
interaction between TACC3 and TSC2, where TSC2 acts epistatically to TACC3.
Moreover, depletion of either TACC3 or TSC2 leads to increased levels of CHFR and
the mitotic regulator CCNB1 (Figure 37). CHFR senses the structure of the nuclear
envelope and probably that of the MT network (Scolnick and Halazonetis, 2000;
Summers et al., 2005). When cells are exposed to mitotic stress, CHFR leads to a
delay in chromosome condensation and, therefore, impairs progression to
metaphase (Scolnick and Halazonetis, 2000). However, CHFR-induced cell cycle
delay is likely to be transient, and CCNB1 targeting to the nucleus overcomes this
delay (Summers et al., 2005). Accumulation of CCNB1 is consistent with previous
observations of cell cycle-dependent regulation and depletion studies of TACC3
(Jeng et al., 2009; Schneider et al., 2007a; Yao et al., 2007). In addition, studies in
X. laevis report the involvement of maskin in cyclin B1 translation, where this
regulation is necessary for the integrity of the mitotic apparatus and for cell division
(Groisman et al., 2000). Thus, considering the results of viability assays after
TACC3 and TSC2 depletion, we propose that TACC3-TSC2 regulation of the cell
cycle could be initially mediated by CHFR at the early mitotic checkpoint.
Progression to metaphase may then be mediated by increased levels of CCNB1
(Lindqvist et al., 2009), but subsequent TACC3 depletion would impair spindle
assembly and mislocalization of pS939-TSC2 and, in turn leading to
abnormal/delayed cytokinesis (Figure 43). Mitotic defects caused by TACC3
depletion would likely evoke prolonged activation of the SAC, which prevents
degradation of CCNB1 and anaphase transition (Bharadwaj and Yu, 2004). In
contrast, a recent study reports that SAC is not permanent due to slow but
continuous degradation of CCNB1 and allows mitotic slippage of cells with relatively
minor defects into a tetraploid G1 state (Brito and Rieder, 2006). In accordance
with our observations in Tacc3”~ MEFs, these cells are typically characterized by the
appearance of interphase micronuclei resulting from lagging chromosomes (Brito
and Rieder, 2006). Thus, we hypothesize that the reduced viability observed in our
study after TACC3 depletion may be caused by post-mitotic G1/S arrest (Roland
Piekorz personal communication). In the case of single depletion of TSC2, we
observe high levels of CHFR/CCNB1 together with increased cell viability, where the
elevated proliferation is probably due to the accompanying increase in mTOR
signaling and translation. In contrast, we do not observe an increase in CHFR and
CCNB1 levels after simultaneous depletion of TACC3 and TSC2, which is consistent

with the epistatic relationship.
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Figure 43: Model for TACC3-TSC2 associations in cell division

TACC3-TSC2 may have coordinated MT stabilization roles in early phases of mitosis,
being sensed by CHFR. In metaphase, TACC3 regulates pS939-TSC2 localization to
the spindle poles, which is necessary for correct spindle assembly. Finally, cytokinesis
is also regulated by TACC3 and by total- and pS939-TSC2, and is essential for proper

completion of cytokinesis.

Although there is extensive knowledge on the role of the TSC/mTOR
pathway in nutrient and cell growth signaling, less is known about the function of
these proteins in regulating tissue architecture, which is commonly disrupted in TSC
patients (Napolioni and Curatolo, 2008). Epithelial tissues must be able to integrate
signals controlling cell-cell junction remodeling, cell division and tissue architecture
in order to avoid uncontrolled proliferation and tumor formation (Gibson and
Gibson, 2009). Therefore, control of epithelial cell polarity is a fundamental step in
the development of multicellular organisms. Importantly, there are more and more
examples of links between complexes involved in cell proliferation and survival and
complexes involved in cell polarity and cell-cell junction formation. Similarly to TSC
disease, mutations in the serine/threonine kinase 11 (LKB1) gene lead to the Peutz-
Jegher syndrome (PJ]S), which is a cancer predisposition disorder typically
characterized by hamartomatous polyps in the gastrointestinal tract (Hearle et al.,
2006; Hemminki et al., 1998; Katajisto et al., 2007). Another disease associated
with hamartomas is Cowden syndrome (CS), which originates from mutations in the
phosphatase and tensin homolog (PTEN) gene that regulates the PKB/AKT pathway
upstream of TSC (Pilarski, 2009). Interestingly, LKB1, PTEN and TSC1-TSC2 are all
related to the mTOR pathway (Tee and Blenis, 2005). LKB1, the human homolog of
D-LKB1, is certainly involved in the determination of cell polarity (Baas et al.,

2004a; Baas et al., 2004b), whereas PTEN has been shown to interact with D-PAR3
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(Pinal et al., 2006; von Stein et al., 2005), another essential protein for
establishing of cell polarity and epithelial junctions (Suzuki and Ohno, 2006).
Moreover, a physical interaction has been described between TSC2 and PALS1-
associated tight junction protein (PATJ]) (Massey-Harroche et al., 2007), a known
regulator of tight junction formation and epithelial polarity (Shin et al., 2005).

To evaluate whether TSC2 and TACC3 are involved in the regulation of tissue
architecture we performed gene expression depletion(s) in a model of three-
dimensional (3D) MCF10A cell culture. 3D culture can be used for the study of
epithelial cell arrangement into tissue structures and the investigation of critical
pathways in establishing and maintaining structural and functional aspects of
differentiation (Plachot et al., 2009). A proper basoapical tissue polarity axis is a
critical feature of normal epithelial differentiation. Indeed, apical polarity loss,
characterized by the formation of a multilayer of cells or the lack of basal
positioning of nuclei, has been used as a parameter for the characterization of early
lesions in cancer (Konska et al., 1998). Apical polarity can be assessed by
immunostaining for the core tight junction protein ZO-1 (Fogg et al., 2005; Plachot
and Lelievre, 2004), while basal polarity can be assessed by immunostaining for
a6-integrin (Koukoulis et al., 1991). Here we show how depletion of either TACC3
or TSC2, but not TSC1, in MCF10A leads to overgrowth of the acinar structures,
distorted morphology and disruption of apical polarity compared to controls
(Figures 39-40). In addition, we illustrate that simultaneous depletion of
TACC3/TSC2 and TACC3/TSC1 results in a similar, but milder, phenotype to the one
observed in single TACC3 or TSC2-depletion (Figures 41-42). We hypothesize that
TACC3 plays a role in maintaining cell polarity through its functional roles in
centrosome biology, which in turn is strongly related to polarity (Buendia et al.,
1990; Cowan and Hyman, 2004; Lingle et al., 1998; Rindler et al., 1987). In the
case of TSC2, such functions may be related to the actin cytoskeleton through
mTORC2 regulation (Jacinto et al., 2004; Sarbassov et al., 2004). Since TSC2
actively regulates mTORC1 (Castro et al., 2003; Garami et al., 2003; Inoki et al.,
2003a; Kwiatkowski, 2003b; Manning and Cantley, 2003), which is firmly linked to
cell cycle progression and cell growth (Inoki et al., 2003b; Kim et al., 2002), and
together with our findings that implicate TSC2 in cell division, we propose a
coordinated role in maintaining cell polarity and cell proliferation. In recent years,
emerging evidence suggests a relationship between cell polarity and cell cycle
machineries (Bilder, 2004; Brenman, 2007; Partanen et al., 2009; Williams and
Brenman, 2008). Interestingly, the metabolic sensor AMPK and its upstream
regulator LKB1 have been related to both cell polarity and cell division roles in D.
melanogaster (Brenman, 2007; Williams and Brenman, 2008). These reports
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support our findings implicating TACC3 and TSC2 in cell division and cell polarity,
although further experiments would be required to elucidate the exact mechanism
of these functions. Together, the novel associations with the centrosomal protein
TACC3 and the key role of the TACC3/TSC2 module in apicobasal differentiation
described here may lead to increased understanding of the tumor suppressor

function of TSC2 and its involvement in cyst formation and pathogenesis.
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Conclusions

1. TACC3 physically interacts with key proteins involved in centrosome biology,
including important regulators of cytokinesis and/or cilia formation, proposing

novel roles for TACC proteins.

2. TACC3 also physically interacts with TSC2, mostly through mitosis, suggesting a

coordinated role in cell division.

3. In interphase, TACC3 and TSC2 localize to the nuclear envelope and their

defficency causes morphological alterations of this structure.

4, During cell division, TACC3 mediates pS939-TSC2 localization to cytokinetic

structures and deficiency of TACC3 or TSC2 causes abnormalities in cytokinesis.

5. In cell proliferation and/or viability, TSC2 acts epistatically to TACC3.

6. TACC3/TSC2 cell cycle regulation is mediated, in part, by the early mitotic
checkpoint, CHFR.

7. Depletion of TACC3 and/or TSC2 affects apicobasal polarity, suggesting a

possible role in epithelial differentiation and tissue architecture.
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Sumari

La major part dels estudis realitzats per tal d’esbrinar les funcions de les proteines
TSC1 i TSC2 causants de I'Esclerosi Tuberosa (TSC) s’han centrat en la seva
capacitat de regular la transcripcié i el creixement cel-lular, pero la seva relacio
amb alteracions d’estructures cel-lulars i el cicle cel-lular no estan ben
determinades. Les proteines TACC tenen un paper primordial en estructures i
processos relacionats amb les xarxes de microtubuls (MTs). En aquest estudi hem
realitzat un mapatge d’interaccions centrat en TACC3 i hem identificat TSC2 i 15
proteines més, com soén els homo- i heterodimers de TACC, i dues proteines (ch-
TOG/CKAP5 i FAM161B), la interaccié de les quals esta conservada entre espécies.
TACC3 i TSC2 co-localitzen i co-purifiquen amb components de I'embolcall nuclear i
la seva deficiéncia dona lloc a alteracions d’aquesta estructura. Al llarg de la divisid
cel-lular, TACC3 és necessaria per a la localitzaci6 de phospho-Ser939-TSC2 als
pols del fus mitotic i al punt de divisi6 de citocinesi. En concordanca, cél-lules
deficients en Tacc3 i Tsc2 presenten un retras en la citocinesi i una elevada
frequéncia de cél-lules binucleades. Pel que fa a la regulacié del cicle cel-lular, TSC2
actua de forma epistatica sobre TACC3 i, a més de la seva funcié de senyalitzacio
en la via TSC/mTOR i les associacions amb la citocinesi, convergeix amb el punt de
regulacié tempra de mitosi mediat per CHFR. Els nostres resultats relacionen TACC3
amb noves funcions estructurals i de divisié cel-lular per part de TSC2, la qual cosa
podria proporcionar noves explicacions a les manifestacions cliniques i patologiques

de la limfangioleiomiomatosi (LAM) i TSC.
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El centrosoma
Visié general

El centrosoma és el centre organitzador de microtubuls (de l'anglés MTOC,
microtubule organizing center) present en totes les cél-lules animals. Es tracta de
una estructura exclusiva de ceél-lules eucariotes que fou descoberta per Theodor
Boveri (Boveri, 1914). La seva funcio esta directament relacionada amb procesos
dependents de microtubuls (MT) com sén la mobilitat cel-lular, I'adhesié i la
polaritat en interfase, aixi com la organitzacié del fus mitotic al llarg de la mitosi
(Bettencourt-Dias and Glover, 2007). Aberracions en el nombre de centrosomes
poden interferir en la correcta formacio del fus mitotic i, per tant, en la segregacio
dels cromosomes, donant lloc a inestabilitat cromosdémica (Sankaran and Parvin,
2006).

El centrosoma és un organul petit (1-2 ym de diametre) que es localitza al
centre de la cél-lula (Wilson, 1925). Esta constituit per dos cilindres disposats
perpendicularment anomenats centriols, envoltats per una massa amorfa de
material pericentriolar (de I'anglés PCM, pericentriolar material) (Bettencourt-Dias
and Glover, 2007). El PCM conté un complex de proteines (y-TURC, de l'angles, y-
tubulin ring complex) que permet la nucleacid i |'ancoratge dels microtubuls
(Sankaran and Parvin, 2006). Cada centriol esta constituit per nou grups de tres MT

fusionats (triplets de MT) disposats conformant una estructura de moli.

El cicle de divisié del centrosoma comenca en la fase G1/S i cap al final de la
fase G2 cada cél-lula té dos centrosomes. S’han descrit cinc punts consecutius que
defineixen aquest procés: 1°/ desorientacié dels centriols; 2°"/ nucleacié dels
centriols; 3%/ elongacié dels procentriols; 4/ maduracié del centrosoma; i 5%/

separacio dels centrosomes (revisat per (Lukasiewicz and Lingle, 2009)).

La duplicacio del centrosoma es dona un sol cop per cada cicle cel-lular i esta
sotmesa a un estricte control. Per tal que es doni una correcta divisié cel-lular, el
cicle del centrosoma ha d’estar coordinat amb la duplicacié del contingut genétic.
De fet, s’ha demostrat que un augment en la activitat de la quinasa depenent de
ciclina 2 (CDK2) podria estar implicat en la progressio del cicle cel-lular cap a la
fase S, aixi com en la regulacié de la duplicacié del centrosoma (Hinchcliffe et al.,
1999; Lacey et al., 1999; Matsumoto et al., 1999; Meraldi et al., 1999). Diferents
estudis han descrit que la fosforilacid i la protedlisi son els principals mecanismes
de regulacié del cicle centrosomal (revisat per (Fry et al., 2000; Hansen et al.,
2002; Meraldi and Nigg, 2002)). S’ha vist que els nivells de fosforilacié al

centrosoma augmenten substancialment durant el procés de maduracié (Rusan and
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Rogers, 2009). Tot i que s’han identificat un gran nombre de proteines implicades
en aquest procés, les dues quinases PLK1 (de l'anglés, polo-like kinase 1) i AURKA
(de l'anglés, aurora kinase A) sén les que tenen un paper més important en la
maduracié del centrosoma. La separacidé dels centrosomes esta també regulada per
una gran varietat de quinases entre les quals hi figuren PLK1, AURKA i NEK2 (de
I'anglés, NIMA (never in mitosis)-related kinase) (revisat per (Lukasiewicz and
Lingle, 2009)). La proteina quinasa que juga un paper més important en el procés
de separacid dels centrosomes és NEK2, mitjancant la fosforilacié i subseqiient
desplacament de les proteines encarregades de mantenir la cohesié entre els dos
centriols (Fry et al., 1998; Mayor et al., 2000). Pel que fa als processos de
proteolisi, les ubiquitina lligases principalment implicades en la regulacié del cicle
del centrosoma son les del complex SCF (SKIP, Cullin i F-box) i de I'APC/C (de
I'anglés, anaphase promoting complex) (Freed et al., 1999; Gstaiger et al., 1999;
Wigley et al., 1999).

Centrosomes, polaritat i cancer

Per la major part dels tipus cel-lulars, la posicié del centrosoma en relacié al nucli
defineix un “eix cel-lular” que determina la polaritat funcional de la cél-lula (Buendia
et al., 1990). Aquesta polaritat es manté, en part, per la organitzacié del fus de
MTs originat al centrosoma i pel trafic vesicular que hi ha al llarg d’aquests MTs
(Rindler et al., 1987). Un nombre anormal de centrosomes pot afectar directament
a la polaritat de la cél-lula, aixi com a I’'heréncia del material genétic (revisat per
(Zyss and Gergely, 2009)). Defectes en la organitzacid i la polaritat cel-lular entre
cél-lules adjacents (en conjunt, definit com anaplasia) (Lingle et al., 1998), aixi
com un nombre anormal de cromosomes (definit com aneuploidia) sén
caracteristiques de les cél-lules canceroses. Les principals aberracions del
centrosoma sén I'amplificacio (parells de centrosomes que contenen més de quatre
centriols i/o la presencia de més de dos centrosomes dins d’una cél-lula) o la
hiperplasia (centrosomes que sén més grans del normal) (Salisbury et al., 2004).
Avui en dia, esta ben establert que tant les aberracions numériques del centrosoma
com les estructurals son comuns en molts tipus de processos neoplasics humans i

de fet, estan associats amb I'aneuploidia (Nigg, 2002).
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La familia de proteines TACC

Visié general

L'analisi protedomic dels centrosomes humans va revelar que una elevada porcié de
les proteines centrosomals (~75%) contenen regions coiled-coil (Andersen et al.,
2003). El motiu proteic coiled-coil és una estructura conservada evolutivament i
adaptada per intervenir en les interaccions proteina-proteina (Salisbury, 2003).
Aixi, algunes d’aquestes proteines coiled-coil actuen com a ancores per a altres
proteines essencials i reguladores del centrosoma (Salisbury et al., 2004). El domini
TACC (de Vl'angles, transforming acidic coiled-coil) cobreix una regid
d’aproximadament 200 aminoacids (aa) a lI'extrem carboxil (C-term) i és essencial
per a la localitzacié de les proteines en el centrosoma i el fus mitotic (Gergely,
2002).

Les proteines TACC van ser inicialment descrites en D. melanogaster com a
necessaries per a l'activitat centrosomal i per a I'encadellat dels microtubuls durant
la divisio cel-lular (Gergely et al., 2000a; Gergely et al., 2000b). Un sol membre de
la familia TACC s’ha descrit en C. elegans (TAC-1) (Bellanger and Gonczy, 2003; Le
Bot et al., 2003; Srayko et al., 2003), D. melanogaster (D-TACC) (Gergely et al.,
2000b), X. laevis (tacc3) (Stebbins-Boaz et al., 1999) i S. pombe (alp7) (Sato et
al., 2004). En mamifers, la familia TACC consta de tres membres: TACC1 (Still et
al., 1999a), TACC2 (Chen et al., 2000; Pu et al., 2001) i TACC3 (McKeveney et al.,
2001; Sadek et al., 2003; Still et al., 1999b). D’acord amb un paper clau en la
biologia del centrosoma, la localitzacié de les TACCs als centrosomes depéen de la
seva fosforilaciéo per AURKA en cel-lules humanes, aixi com en els seus ortolegs a C.
elegans, X. laevis i D. melanogaster i, a més, s’ha proposat que aquesta modificacio
es requereix per la regulacié de la dinamica i la organitzacio del fus mitotic (Barros
et al., 2005; Giet et al., 2002; Kinoshita et al., 2005; LeRoy et al., 2007; Peset et
al., 2005).

Principalment, les proteines TACC realitzen les seves funcions al llarg de la
mitosi (Gergely et al., 2000a). TACC1 podria ser necessaria per la progressio
cel-lular cap al final de la fase M (Delaval et al., 2004). Pel que fa a TACC2 no es
coneix gaire la seva implicaci6 en aquests processos, perd TACC3 sembla ser
essencial en la progressié de la mitosi, aixi com en l'alineacié i separacio dels
cromosomes i la citoquinesi (Gergely, 2002; Schneider et al., 2007a; Yao et al.,
2007).
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TACCs i cancer

Els tres gens que codifiquen les proteines TACC es troben en regions
cromosomiques reorganitzades en certs tipus de cancer (Adnane et al., 1991; Still
et al., 1999a; Still et al., 1999b). TACC1, que es troba en el cromosoma 8pll, va
ser identificat per estar sobreexpressat en cancer de mama (Still et al., 1999a),
mentre que altres estudis reporten la seva reduida expressié en teixits cancerosos
d’ovari i mama (Conte et al., 2002; Lauffart et al., 2005). La variant de TACC2,
AZU-1, va ser aillada per primera vegada en una cerca de gens supressors de
tumors en cancer de mama (Chen et al., 2000), encara que estudis posteriors no
donen gaire suport a aquesta idea (Schuendeln et al., 2004). Recentment, TACC3
també s’ha pogut relacionar amb alguns tipus de cancers humans (Chen et al.,,
2000; Lauffart et al., 2005; Still et al., 1999b; Ulisse et al., 2007). Juntament amb
TACC1, nivells baixos de TACC3 s’han associat amb la tumorogénesi ovarica
(Lauffart et al., 2005). El cancer de tiroides també presenta alteracions en la
expressi6 de TACC3 (Ulisse et al., 2007). Per contra, TACC3 s’ha vist
sobreexpressada en el cancer de pulmé de cel-lula petita (Jung et al., 2006). En
conjunt, aquestes observacions suggereixen una relacio entre la desregulacié de les
proteines TACC i la susceptibilitat al cancer i/o d’altres patologies associades a

alteracions en la divisio cel-lular.
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EL complex d’esclerosi tuberosa
Visié general

L'esclerosi tuberosa (de l'anglés, tuberous sclerosis complex, TSC) és un trastorn
genetic amb un patré d’heréncia autosomica dominant, penetrancia variable, i una
prevalenca de 1-9/100,000 en la poblacié total (identificadors de la malaltia
Orphanet 805 i OMIM 191100/191092). La TSC és causada per mutacions de
perdua de funcié en els gens supressors de tumors TSC1 o TSC2 (European
Chromosome 16 Tuberous Sclerosis Consortium, 1993; van Slegtenhorst et al.,
1997) i es caracteritza per la preséncia de hamartomes, que consisteixen en tumors
benignes, displasics i desorganitzats que creixen en diferents organs i teixits
(revisat per (Kwiatkowski, 2003b; Pan et al., 2004)). Els pacients de TSC poden
desenvolupar anormalitats neurologiques com atacs d’epilépsia, retard mental i
autisme. En alguns casos apareixen quists renals i els individus amb delecions
genomiques de PKD1 i TSC2 a la linia germinal desenvolupen la malaltia renal
policistica infantil (Brook-Carter et al., 1994; Harris et al., 1995).

Els dos gens directament relacionats amb aquesta malaltia sén: TSC1, situat
al cromosoma 9q34 el qual codifica una proteina de 130 kDa, anomenada hamartin
(van Slegtenhorst et al., 1997) i TSC2, situat al cromosoma 16p13.3 el qual
codifica una proteina de 200 kDa, anomenada tuberin (European Chromosome 16
Tuberous Sclerosis Consortium, 1993). Hamartin i tuberin s'associen fisicament in
vitro i in vivo en forma d’heterodimers. La regié d’hamartin d'unié a tuberin es
troba entre els aa 302-430 i en el cas de tuberin, la regié d'unié a hamartin es
troba en els primers 418 aa dins el primer dels dos motius coiled-coil de la proteina
(Crino et al., 2006; van Slegtenhorst et al., 1998).

Pel que fa a la seva funcid, hamartin i tuberin formen un complex dins de la
via de senvyalitzacio PI3K-AKT1-mTOR encarregada de la regulacié de nutrients i el
creixement cel-lular (revisat per (Crino et al., 2006; Kwiatkowski, 2003b; Pan et
al., 2004)). Tuberin conté un domini d’activacié de proteina GTPasa (de l'anglés,
GAP domain) que augmenta l'activitat GTPasa de RHEB, que al seu torn és un
regulador positiu del complex sensible a rapamicina mTOR/RAPTOR anomenat
mTORC1 (Castro et al., 2003; Garami et al., 2003; Inoki et al., 2003a;
Kwiatkowski, 2003a; Manning and Cantley, 2003; Saucedo et al., 2003; Tee et al.,
2003; Zhang et al., 2003). El complex mTORC1 regula positivament multiples
processos, que inclouen la traduccid del ARNm a través de p70-S6K/S6 i 4E-
BP1/eIF4E, la biogénesi dels ribosomes, l|'autofagia, |'angiogénesi i |‘apoptosi

(Lazaris-Karatzas et al., 1990; Raught et al., 2004; Richardson et al., 2004;
118



Resum en catala

Wendel et al., 2004). A més, mTOR forma un segon complex no sensible a la
rapamicina quan s’uneix a RICTOR, anomenat mTORC2 (Jacinto et al., 2004;
Sarbassov et al., 2004). El complex mTORC2 regula positivament el citoesquelet
d’actina i influencia I'apoptosi a través de la fosforilaciéo d’AKT en el residu Serd473 i
d’activitats PKC1/RHO (Jacinto et al., 2004; Peterson et al., 2009; Sarbassov et al.,
2004; Sarbassov et al., 2005).

Noves funcions de TSC1/TSC2: el centrosoma i la polaritat cel-lular

Els pacients de TSC acostumen a tenir defectes neuronals que poden estar
provocats per migracions i posicionaments anormals de les neurones (Crino and
Henske, 1999; Gutmann et al., 2000; Sparagana and Roach, 2000; Vinters et al.,
1999). Recentment, s’ha estudiat en models de ratoli que hamartin i tuberin
podrien estar jugant un paper important en la regulacié de la polaritat neuronal
(Choi et al., 2008). De fet, les proteines TACC també semblen ser critiques en la
migracid nuclear interquinética necessaria pel manteniment del reservori de
cel-lules progenitores neurals (Xie et al., 2007). Per altra banda, les malalties
cistiques renals estan associades amb |'abséncia o la disfuncio dels cilis primaris i,
per tant, la pérdua de la polaritat i la correcta disposicio dels teixits (Nauli et al.,
2003; Yoder et al., 2002a; Yoder et al., 2002b).
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Hipotesi

El manteniment de la integritat estructural, el nombre i la funcié del centrosoma
sén factors critics per tota una série de propietats cel-lulars que inclouen la
motilitat, I'adhesiod i la polaritat en interfase, aixi com la divisio al llarg de la mitosi i
citoquinesi (revisat per (Bettencourt-Dias and Glover, 2007)). Alteracions en el
centrosoma sén comuns en diferents tipus de neoplasies (revisat per (Nigg, 2002)),
algunes malalties neurologiques (revisat per (Badano et al., 2005)) i estan
relacionades amb la pérdua de la polaritat en diferents models cel-lulars (revisat
per (Sankaran and Parvin, 2006)). Diferents estudis han demostrat un paper
important de les proteines TACC en la funcié del centrosoma i la dinamica de MTs al
llarg de la divisio cel-lular (revisat per (Peset and Vernos, 2008)). S’han descrit tres
gens humans que codifiquen per proteines TACC i la seva expressié s’ha vist
alterada en cél-lules canceroses, encara que no existeixen evidéncies especifiques
pel que fa a la seva localitzacié cel-lular (Gergely et al., 2000a) o les seves
interaccions amb proteines relacionades amb la regulacié de la expressido génica
(Angrisano et al., 2006; Gangisetty et al., 2004; Garriga-Canut and Orkin, 2004;
Lauffart et al., 2002; Sadek et al., 2000; Still et al., 2004). Fins al moment, no
s’han descrit altres associacions que puguin aclarir el paper de les TACCs en
estructures o processos cel-lulars en relacido a malalties humanes. Per tal d’obtenir
més informacié en aquests aspectes, nosaltres hem mapat l'interactoma de TACC3
(és a dir, interaccions fisiques entre proteines i TACC3). Els resultats d’aquest
analisi han revelat la interaccié fisica amb TSC2 i la possible funcié conjunta de les
dues proteines en el manteniment de la estructura nuclear i el control de diferents

fases de la divisio cel-lular.
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Objectius
Els principals objectius d'aquest estudi van ser:

Objectiu #1: Estudiar les caracteristiques funcionals i les associacions
geneétiques i moleculars dels gens TACC humans i els seus productes en relacié

amb la biologia del centrosoma.

Objectiu #2: Avaluar les possibles implicacions en malalties humanes de les

noves associacions genetiques i protedmiques identificades en I’'Objectiu #1.
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Materials i Métodes
Sistema del doble hibrid (de I’'anglés, yeast two hybrid, Y2H)

L'assaig del doble hibrid en llevats es va realitzar en base a dues estratégies
diferents, la transformacié o l'aparellament, seguint la metodologia préviament
descrita (Vidalain et al., 2004; Walhout and Vidal, 2001) i I'Us de dues llibreries de
cDNA, de cervell fetal huma o de melsa (ProQuest, Invitrogen). Tres esquers de
TACC3 es van definir d’acord als seus dominis proteics (Gergely et al., 2000a;
Piekorz et al., 2002; Still et al., 2004) i es van clonar en el vector pDONR201 de
Gateway (Invitrogen) seguint la metodologia descrita per la companyia

subministradora.

Els constructes es van transformar en soques de llevat MaV203 (Invitrogen)
o AH109 (Clontech) i I'analisi es va realitzar utilitzant medi selectiu sense histidina i
suplementat amb 10 mM (protocol d’aparellament) o 20 mM (protocol de
transformacié) de 3-amino-1,2,4-triazol (3-AT, Sigma-Aldrich) per tal de provar la
activacio del reporter HIS3 depenent de la interaccid. Préviament, els esquers van
ser examinats per |'auto-activacié en el rang de 10-18 mM de concentracié de 3-AT.
Amb aquestes condicions, es van poder examinar més de 10 milions de
transformants per |'esquer. Les colonies positives es van créixer en medi selectiu
durant 3 cicles (10-15 dies) per evitar la aparici6 de cDNAs contaminants i després
es va procedir a la amplificacié per PCR i la identificacié de les seqliéncies de les

possibles preses (Vidalain et al., 2004).

Analisi dels perfils d’expressio

La similitud dels perfils d’expressié es va avaluar amb el calcul del coeficient de
correlacié de Pearson (CCP) mitjancant els nivells d’expressié normalitzats (gcRMA)

del conjunt de dades GeneAtlas U133A humans (http://biogps.gnf.org) (Su et al,,

2004). Les comparacions es van realitzar per a totes les sondes possibles de

microarray i els p valors van ser ajustats per la correccié de Bonferroni.

Analisi fil-logenéetic

Les recerques Psi-Blast (Altschul et al., 1997) es van realitzar contra genomes
dipositats en Ensembl des de Gener de 2008 (Flicek et al., 2008) i fent servir les

proteines TACC humanes. Els parametres es van establir a un maxim de cinc
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interaccions i un e-valor amb llindar de 0.0001. La metodologia emprada en aquest

treball esta adaptada de Huerta-Cepas et al. (Huerta-Cepas et al., 2007).

Cultius cel-lulars

En aquest treball s’han emprat les segients linies cel-lulars:

Hela; MCF7; HEK293; BT474; HME/TERT (cel-lules epitelials humans
immortalitzades amb telomerasa); MCF10A; fibroblasts embrionaris de ratoli
(MEFs) Tsc2* p537 i Tsc2”~ p537"; MEFs Tacc3"" i Tacc3”"; cél-lules derivades de
leiomioma uteri de rates Eker (ELT3) deficients en tuberina (Howe et al., 1995);
MEFs Tsc1”” van ser transduides retroviralment amb 7SC1/pMSCVneo huma com

s’ha descrit préviament (Astrinidis et al., 2002).

Tecniques moleculars

Les técniques moleculars emprades en aquest treball sén les seglients:

Doble sincronitzacié amb Timidina

Assaig d’unié a microtubuls

Assaig de citoquinesi

Fraccionament cel-lular

Assaig de viabilitat/proliferacio

Cultiu cel-lular de MCF10A en 3D sobre membranes basals reconstituides
Assaig de co-purificacio per afinitat

Assaig de co-immunoprecipitacio

Western blot

Analisi cel-lular per immunofluorescéncia

Disseny de shRNAs i preparacié viral
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Resultats

L’interactoma de TACC3

Aguest treball es va iniciar amb el mapatge d’interaccions fisiques amb TACC3
mitjancant la técnica del doble hibrid (Y2H) i fent servir el domini TACC com a
esquer (Figura 12). Tota una série de proves moleculars i funcionals recolzen I'alta
gualitat d’aquest interactoma. Dues interaccions conservades entre espécies, o
interdlogs, van ser identificades: chTOG/CKAP5, interolog en C. elegans, D.
melanogaster i X. laevis (Peset and Vernos, 2008), i FAM161B, interolog en C.
elegans (Li et al., 2004). El mapa d’interaccions proteina-proteina centrat en TACC3
inclou funcions relacionades amb estructures microtubulars ja conegudes
previament per altres TACCs com sén la regulacié de citocinesi i/o la formacié de
cilis (ARHGEF2 (Birkenfeld et al., 2007), CP110 (Tsang et al., 2008), LZTS2 (Sudo
and Maru, 2007) i TACC1 (Delaval et al., 2004)).

Algunes de les interaccions identificades en el Y2H van ser confirmades
mitjancant |'assaig de co-purificacié per afinitat (co-AP) en cél-lules HEK293, com
és el cas de CP110, KIF1C, i HMMR (Figura 15). D'altres com les interaccions amb
ARHGEF2, CGN i TSC2 van ser confirmades per co-immunoprecipitacié (co-IP)
endogena (Figures 16-17). Cal destacar que préviament s’ha descrit que
ARHGEF2 i CGN interactuen fisicament (Aijaz et al., 2005), la qual cosa déna suport
a la deteccié d’associacions bioldgicament rellevants per TACC3. La associacié entre
TACC3 i TSC2 es va detectar mitjancant assajos de co-IP de manera reciproca i fent
Us de diferents linies cel-lulars i anticossos (Figura 17). A més, assajos de co-AP
amb fragments predefinits de TSC2 (Goncharova et al., 2004) ens van permetre
acotar la regio d'interacci6 amb TACC3 (Figura 18). Els nostres resultats
suggereixen que la regido N-terminal de TSC2 (TSC2-HBD), que conté el domini
d’interaccié amb TSC1 i un motiu coiled-coil, és probablement la responsable de la
interacci6 amb TACC3. D’‘acord amb els processos bioldgics associats a
Iinteractoma de TACC3, aquest fragment esta relacionat amb la regulacio del

citoesquelet i I'adhesio cel-lular (Astrinidis et al., 2002; Goncharova et al., 2004).
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TACC3-TSC2 localitzen a I'embolcall nuclear i la seva deficiencia condueix a

alteracions morfologiques d’aquesta estructura

Un assaig d'unié a microtubuls fent I’'Us de taxol i nocodazol va mostrar que TSC2 i
el seu company TSC1 estan associats amb els microtubuls (Figura 19). Estudis de
localitzacié cel-lular en cél-lules Hela i fibroblasts embrionaris murins (MEF) amb el
genotip Tsc2”'Tp537 o controls amb el genotip Tsc2**Tp53*/* ens van suggerir
que TSC2 es localitzava a I'embolcall nuclear (Figura 20A), la qual cosa va ser
corroborada per co-IP amb la subunitat del porus nuclear NUP62 (Figura 20B). A
més, es va poder comprovar mitjancant assajos de fraccionament cel-lular que
TACC3 i TSC2 co-purificaven amb el component estructural de la membrana nuclear
interna lamina A (LMNA) (Figura 22). Aquestes observacions ens indicaven que
TSC2 és un component de l'embolcall i d’alguna manera predeien la possible
preséncia d’anomalies estructurals causades per la deficiencia de TSC2 o TACC3.
Per tal d’avaluar aquesta hipotesi, es van realitzar immunofluorescéncies en MEFs
deficients en Tsc2 o Tacc3 fent servir com a marcador de I'embolcall nuclear un
anticos contra Nup62. Aixi, vam poder observar com les cel-lules deficients en una
de les dues proteines presentaven anormalitats morfologiques a |I'embolcall nuclear
(Figura 23). Aquestes alteracions no es van observar en MEFs deficients en Tscl,
aixi com TSC1 tampoc co-purificava amb Lmna, la qual cosa ens suggereix que

TSC2 té una funcid especifica, possiblement en relacié a TACC3.

La localitzacié de pS939-TSC2 en citocinesi és depenent de TACC3

Donada la interacci6 fisica entre TACC3 i TSC2, i la coneguda implicacié de TACC3
en el control de la divisié cel-lular (Albee and Wiese, 2008; Gergely et al., 2003;
Kinoshita et al., 2005; Schneider et al., 2007a; Yao et al., 2007), vam voler
analitzar la localitzacié subcel-lular d’'ambdues proteines al llarg del cicle cel-lular.
En metafase, TACC3 i TSC2 es van localitzar als fusos microtubulars i als pols,
mentre que la forma fosforilada de TSC2 al residu Ser939 es trobava exclusivament
als pols (Figura 26A). En telofase i citocinesi, tant TSC2 total com pS939-TSC2 es
trobaven particularment concentrades en el punt de divisié en citocinesi, mentre
que TACC3 es va veure localitzada en la regié pericentrosomal i als fusos
microtubulars restants en la meitat del cos de divisié de les dues cél-lules (Figura
26B). Assajos de co-IP en cél-lules sincronitzades per doble bloqueig amb timidina
ens van demostrar que existia una forta associacié entre TACC3 i TSC2 en mitosi, la
qual cosa ens fa pensar que les dues proteines podrien estar jugant algun paper
conjunt en la regulacié de la divisio cel-lular (Figura 27). D’altra banda, la deplecio

total de TACC3 en cél-lules HelLa va resultar en una pérdua de pS939-TSC2 als pols
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i en el punt de divisi6 de citocinesi, fet que donava suport a la possible funcié

d’ambdues proteines en la divisio cel-lular (Figura 28).

La deficiéncia de TACC3 i TSC2 ddéna lloc a un retras en citocinesi i a la

formacio de cél-lules binucleades

D’acord amb la localitzaci6 de TSC2 en estructures citocinétiques, en el nostre
estudi vam poder observar com les MEFs deficients en Tsc2 presentaven
separacions anormalment allargades en citocinesi comparant-les amb les MEFs
control (Figura 29). A més, aquestes MEFs deficients en Tsc2 presentaven un alt
percentatge de cél-lules binucleades (Figura 31). Els mateixos fenotips van ser
observats en MEFs deficients en Tacc3. Per tal d’examinar més a fons |'efecte de
TSC2 sobre la progressio del cicle cel-lular, vam realitzar un assaig de sincronitzacié
amb nocodazole de cel-lules ELT3 (de l'angles, eker rat leiomyoma tumor cell)
deficients en Tsc2 i reconstituides amb TSC2 humana en que detectavem el nombre
de cel-lules en citocinesi al llarg del temps (Figura 32). Aixi, 90 minuts després de
I'alliberament de les cel-lules del nocodazole, les cél-lules deficients en Tsc2
presentaven fins a set cops més figures citocinétiques que les reconstituides.
D’acord amb aquestes observacions, els cultius deficients en Tscl també
presentaven un retard en citocinesi després de l‘alliberament del nocodazole
(Figura 33), aixi com una major incidéncia en cél-lules binucleades (Figura 34).
No obstant, els cultius deficients Tscl no presentaven figures aberrants en
citocinesi, el que suggereix que TSC1 podria tenir alguna funcié en citocinesi, perd

que aquesta no és fonamental en la regulacio del procés.

TSC2 actua de manera epistatica sobre TACC3 en el control de la viabilitat

cel-lular

Per tal de profunditzar en el paper que juga la interacci6 TACC3-TSC2 en la
proliferacié cel-lular vam examinar l'efecte de la depleci6 de cadascuna de les
proteines i les dues simultaniament sobre la viabilitat. Cél-lules MCF7 van ser
infectades amb constructes de shRNAs lentivirals i es va realitzar un assaig de
proliferaci6 amb MTT. La depleci6 de TSC2 va resultar en un augment de la
proliferacié, mentre que en el cas de la deplecié de TACC3 observavem el contrari
(Figura 36). A més, analisis en els nivells de proteines van revelar un increment
de CHFR (Figura 37), suggerint algun tipus de implicacié per part del punt de
control tempra de mitosi en la proliferacié d’aquestes cél-lules deplecionades amb

TACC3 i TSC2. Sorprenentment, quan vam realitzar la deplecidé simultania de les
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dues proteines, vam recuperar la viabilitat reduida observada en les ceél-lules que
no expressaven TACC3. D'aquesta manera, nosaltres suggerim que TSC2 actua de

manera epistatica sobre TACC3 en la regulacié de la viabilitat cel-lular.

La deficiencia de TACC3 i TSC2 dona lloc a anormalitats en la arquitectura

cel-lular i a una pérdua de polaritat cel-lular

Donada la interaccié genetica existent entre TACC3 i TSC2 i la seva implicacié en
divisio cel-lular i proliferacid, el nostre seglient objectiu va ser determinar el paper
d’aquesta relacié en la regulacié de l'arquitectura cel-lular, que esta freqlientment
alterada en pacients de TSC (revisat per (Napolioni and Curatolo, 2008)). Per tal
d’analitzar-ho vam realitzar la deplecié simple i combinada de TACC3, TSC2 i TSC1 i
vam mesurar la dinamica de creixement durant la diferenciacié apicobasal de
cel-lules MCF10A cultivades en una membrana basal reconstituida (Debnath et al.,
2003). La manca de TACC3 i TSC2 de manera individual i/o la deplecié simultania
de les dues va resultar en alteracions morfologiques dels complexes acinars
comparant-los amb els controls (Figures 39-41). Per altra banda, la deplecié de
TSC1 no va causar cap canvi fenotipic en vers als controls, mentre que la deplecié
simultania de TSC1 i TACC3 va resultar en fenotips aberrants, similars als observats
en el cas de les deplecions amb TACC3 i TSC2. Les anormalitats observades en
aquests complexos cel-lulars van ser analitzades a partir d‘imatges en camp clar
(mesurant la mida i circularitat de cada complex) i mitjancant técniques
d'immunofluorescéncia analitzades per microscopia confocal. En conjunt, aquests
resultats ens van suggerir una possible implicacido de TACC3 i TSC2 en processos de

diferenciacio apicobasal.
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Discussio

En aquest estudi es descriu la participacié de TSC2/TSC2 en el manteniment
estructural de I'embolcall nuclear i en el control de les diferents fases de la divisid
cel-lular, probablement mitjancant la interaccié amb TACC3/TACC3. En primer lloc,
I'interactoma centrat en TACC3 descriu interaccions en concordanca amb
associacions moleculars i funcionals ja conegudes i conservades entre diferents
especies amb les TACCs (Peset and Vernos, 2008). A més, aquest interactoma
també ens mostra noves possibles funcions d’aguesta familia de proteines en la
organitzacié de xarxes de MT i la biologia del centrosoma. Donat que els membres
de la familia de proteines TACC s’han vist alterats en diferents neoplasies epitelials
(Raff, 2002), TACC3 podria estar implicada en processos de migracié i diferenciacio
cel-lular mitjangant la seva interacci6 amb ARHGEF2 i CGN, ambdues confirmades
per assajos de co-IP. ARHGEF2 és un factor activador de RhoA i CGN és un
adaptador d’unions estretes cel-lula-cél-lula (de l'anglés, cell-to-cell tight junction
adaptor) (Citi et al., 1988; Ren et al., 1998). CGN s’uneix a ARHGEF2 i inhibeix
I'activacio de RhoA, promovent la formacié d’estructures epitelials polaritzades
(Aijaz et al., 2005). La funcié de les TACCs en aquests processos €s desconeguda,
pero s’ha vist que TSC1/TSC2 juguen un paper important en la regulacié de les Rho
GTPases (Astrinidis et al., 2002; Goncharova et al., 2004; Lamb et al., 2000). Aixi,
aquesta funcido de les proteines TSC podria explicar el fenotip metastatic que
presenten les cél-lules llises del muscul en la linfangioleiomiomatosi (LAM), causada
per mutacions en TSC2 (revisat per (Hohman et al., 2008)). La unié de TSC2 a
TSC1 causa l'activacido de RAC1 i, conseqlientment, la inhibicié de I'activitat de
RhoA (Goncharova et al., 2004). Donat que TACC3 podria estar interaccionant amb
TSC2 a través del domini TSC2-HBD, hipotetitzem un possible paper en la
remodelacié del citoesquelet i el fenotip metastatic observat en LAM.
Alternativament, I'eix TACC3-TSC2-mTORC2 també podria estar regulant RhoA i el
citoesquelet d’actina (Jacinto et al., 2004; Sarbassov et al., 2004). Pensem que la
divisio cel-lular podria estar regulada de la mateixa manera. ARHGEF2, un cop s’ha
alliberat de la inhibicié fosfo-depenent per part d’ARUKA, activa RhoA per tal de
promoure la citoquinesi (Birkenfeld et al., 2007). Aixi, ARHGEF2 i TSC2 podrien
estar competint per la uni6 a TACC3 d’una manera similar a la transiciéo de la

proliferacié cel-lular cap a la diferenciacio.

En relacié als processos que regulen la polaritat epitelial, l'interactoma
centrat en TACC3 pot donar lloc a noves hipotesis en el desenvolupament de cists
renals en pacients TSC. Els cists renals apareixen més freqlientment en pacients
amb mutacions en TSC2 (Dabora et al., 2001; Sancak et al., 2005). Les MEFs
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deficients en Tscl i Tsc2 presenten un augment en el desenvolupament de cilis
primaris i els seus productes génics corresponents interaccionen amb Pkd1l en
aquest procés (Bonnet et al., 2009; Hartman et al., 2009). El fet de que en aquest
treball s’hagi identificat la interaccid6 de proteines involucrades en funcions
relacionades amb el desenvolupament de cilis com sén CEP164 (Graser et al.,
2007) i CP110 (Spektor et al., 2007; Tsang et al., 2008) amb TACC3, suggereix
gue la funcié de TSC2 en aquest procés podria dependre de la regulacié d’aquestes
interaccions. De la mateixa manera que en processos de polaritat epitelial i mitosi,
la inactivacié d’AURKA (Pugacheva et al., 2007), el principal regulador de les
TACCs, és necessaria per a la formacié de cilis, que a I’hora podria estar coordinada
amb la regulaci6 de les noves interaccions descrites per TACC3 amb TSC2 i
CEP164/CP110.

Un altre punt important que podem destacar d’aquest treball és la nova
funcié de TSC2/TSC2 en la estructura de I'embolcall nuclear i el punt de regulacié
de mitosi mediat per CHFR. Els nostres resultats suggereixen que aquesta funcio és
especifica de TSC2/TSC2 en relacié a TSC1/TSC1, la qual cosa podria explicar
I'augment de severitat clinica associada a mutacions en TSC2 (Dabora et al., 2001;
Sancak et al., 2005). L'alteracié de I'embolcall nuclear s'acostuma a associar amb
malalties genétiques amb anomalies musculars, en alguns casos acompanyades per
alteracions neurologiques (revisat per (Elcock and Bridger, 2008)). A més, les
TACCs son critiques en la migracidé nuclear intercinética en progenitors neuronals:
al mateix temps que s’observen alteracions en la organitzacié de microtubuls, la
pertorbacié de les TACCs afecta a la posicié nuclear i la divisiéo (Xie et al., 2007).
Aguestes observacions poden estar relacionades amb els defectes en migracio
neuronal que presenta la TSC (Crino and Henske, 1999; Vinters et al., 1999). Per
altra banda, la interaccid genética en el punt de regulaci6 de mitosi i les
associacions moleculars depenents de la localitzacié en citocinesi suggereixen un
control global en processos de divisio cel-lular per part de TACC3/TACC3-
TSC2/TSC2. Els nostres resultats proposen que quan la divisid cel-lular comenga,
CHFR detecta l'estructura de l’'embolcall nuclear i probablement la xarxa de
microtubuls (Scolnick and Halazonetis, 2000; Summers et al., 2005) mitjangant un
mecanisme en que intervenen TACC3 i TSC2. A més, TACC3 sembla que també
regula la localitzacié de pS939-TSC2 i possiblement també regula la citocinesi,
donat que hem observat alteracions d’aquest procés en MEFs de Tacc3- i Tsc2-
deficient. Aquest treball també suggereix que TSC1 podria tenir un paper
complementari en citocinesi, encara que aquest seria independent de TACC3,
donades les diferéncies en la localitzacié cel-lular i la implicacié de la forma
fosforilada de TSC2, que es considerava “inactiva” (pS939). Cal destacar que
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I'augment en la freqlencia de cel-lules binucleades observat en els nostres resultats
és concordant amb estudis previs en que s’observaven tetraploidies en cél-lules
derivades de rates Eker amb una mutacié germinal en Tsc2 (Gui et al., 2007). En
conjunt, aquest estudi evidencia que les noves interaccions i funcions de
TACC3/TACC3 i TSC2/TSC2 poden estar relacionades amb Ila biologia del

centrosoma i la malaltia TSC.

Conclusions

1. El mapatge d'interaccions centrat en TACC3 identifica proteines involucrades en
la biologia del centrosoma i inclou reguladors importants de la citocinesi i la

formacio de cilis, la qual cosa proposa noves funcions per les TACCs.

2. TACC3 i TSC2 s'associen principalment en mitosi, la qual cosa suggereix una

funcid coordinada en la divisio cel-lular.

3. En interfase, TACC3 i TSC2 localitza a I'embolcall nuclear i la seva deficiencia

provoca alteracions morfologiques d’aquesta estructura.

4. En divisio cel-lular, la localitzacié de pS939-TSC2 esta mediada per TACC3 i la

deficiéncia de TACC3 o TSC2 provoca anormalitats en citocinesi.

5. En proliferacié cel-lular, TSC2 és epistatic sobre TACC3.

6. La regulacié del cicle cel-lular per part de TACC3/TSC2 esta mediada, en part,

pel punt de regulacié tempra de mitosi, CHFR.
7. La deplecié de TACC3 i/o TSC2 afecta la polaritat apicobasal en cultius en 3D, la

qual cosa suggereix posibles funcions en la diferenciacio cel-lular i I’'arquitectura

tisular.
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