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TRANSFORMING ACIDIC COILED-COIL PROTEIN, TACC4
(Under the dir_ection of James R. Goldenring)

· AKAP350 is a multiply-spliced scaffolding protein that localizes to the
centrosome -and Golgi apparatus. Two important characteristics of AKAP350 are
its ability to interact with multiple signaling partners and to target to specific
cellular structures. Here, we have identi_fied a novel interacting partner of
AKAP350 from the Transforming Acidic Coiled-Coil protein family, TACC4.
Localization of fusion GFP-TACC4 proteins to the centrosome in interphase
Jurkat cells required AKAP350 interaction. During mitosis, GFP-TACC4
expression targeted to the spindle apparatus and delayed cell cycle progression.
Multiple GFP-TACC4 transfected HeLa cells displayed Mad2-positive
kinetochore staining suggesting GFP-TACC4 expression prolonged activation of
the spindle checkpoint. AKAP350 localizes to the centrosome by a specific
targeting sequence in its carboxyl terminus known as the PACT domain.
Expression of GFP-PACT altered structures of the mitotic apparatus in Jurkat •
cells. In interphase cells, hypertrophied centrosomes, fragmented centrosomes,
and supernumerary centrosomes were increased with GFP-PACT expression.
Mitotic cells displayed increased tripolar and multipolar spindle apparatuses.
Expression of GFP-PACT in rat intestinal epithelial (RIE-1) cells altered its
morphologic growth characteristics in a manner indicative of cellular
transformation. We propose that AKAP350 scaffolds a multivalent complex to
the centrosome that may play role in signaling pathways important for cellular
transformation. Therefore, AKAP350 may provide further evidence that
centrosome alterations are important in the biology of cancer.
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INTRODUCTION

Interaction Motifs of A-kinase Anchoring Proteins.
A-kinase anchoring proteins are a broad class of more than seventy proteins
that share the common ability to interact with the A-kinase regulatory subunit RII
(1). Most AKAPs utilize a predicted 14·to 18 amino acid amphipathic alpha helix
that interacts with the extreme amino terminus of the Type II A-kinase regulatory
subunit dimer (2, 3). Solution NMR studies have recently revealed that the high
affinity RII/AKAP interaction is due to conserved hydrophobic interactions
between the helical AKAP peptide and helical A-kinase regulatory subunit (4).
Interestingly, the centrosome AKAP pericentrin lacks the typical amphipathic
helix and interacts with RII through a unique 100 amino acid binding domain. ,lri
fact, RII binding is the only property common to all AKAPs [Figure 1 and (5)].
This is due to the presence of at least two other interaction motifs in AKAPs.
One motif is responsible for targeting the AKAP to specific subcellular structures,
particularly cytoskeletal elements (6). Other AKAP domains interact with a
variety of enzymes and regulatory proteins. Taken together, this complex pattern
of protein assembly suggests that A-kinase anchoring proteins have the ability to
coordinate multiple intracellular signaling events at specific subcellular locations.
AKAP research has focused on two avenues. One avenue has concentrated
on identification of the AKAP targeted subcellular domain, the mechanism by

1

Figure 1. A-Kinase Anchoring Proteins possess three
structural motifs. AKAPs are defined by their common
ability to associate with the regulatory subunit dimer of the
PKA holoenzyme inside cells(©). The subcellular locale of
each AKAP is encoded by a unique targeting motif(®).
Finally, a shared property of most AKAPs is the ability to
form multivalent signal transduction complexes(@). (adapted
from Scott et al., 2000)
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which this targeting is achiev~d, and the functional significance of this
loc_alization. The second avenue h~s centered on identification of AKAP
interacting proteins, characterization of their interaction with the AKAP complex,
and the functional significance of the multi-protein scaffolding complexes.
Targeting of A-kinase Anchoring Proteins.

Generally, initial characterization of an AKAP includes subcellular
fractionation and/or immunolocalization of the protein to a specific cellular
structure (7, 8). AKAPs associate with a variety of cellular structures including
centrosomes, dendrites, endoplasmic reticulum, mitochondria, the plasma
membrane, the Golgi apparatus, and vesicles. AKAP localization is due to
targeting sequences within the protein that, in many cases, are regulated by ·
differential splicing events. D-AKAP1 utilizes two 3' splice variants to dictate
subcellular localization of D-AKAP1 to either the endoplasmic reticulum or
mitochondria (9). Splicing events also control localization of AKAP18 to distinct
plasma membrane domains (10). AKAP18a targets lateral membranes, while
AKAP18~ accumulates in apical membranes.
Scaffolding by A-kinase Anchoring Proteins.

An important property of AKAPs is their ability to interact with multiple binding
proteins to form complex signaling scaffolds. For example, yotiao binds to the
NR1 subunit of the NMDA reqeptor in postsynaptic.densities (11 ). yotiao binds
both protein_ phosphatase 1 (PP1) and Type II A-kinase in a functionally
significant manner (12). Anchored PP1 is constitutively active to limit channel
activity, wher~~s _activation of PKA overcomes PP 1 activity to enable rapid
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enhancement of NMDA current. An example of a more complex AKAP-mediated
signaling structure is the Wiskott-Aldrich syndrome protein family verprolin
homology protein 1 (WAVE1) complex [Figure 2 and (6)r
WASP family members modulate actin remodeling by forming a molecular
bridge between regul~tory Rhp·· GTPases and.the actin _nucleating Arp2/3
complex (13-15). WAVE1 binds the Arp2/~ complex, the tyrosine kinase Abl,
PKA, the Rho GTPase Rae, and WARP; aRacGAP protein (13, 16). The
comp.lex functionally regulates Rae activation.: of the Arp2/3 complE:lx at sites of
'

'

:

.

-

(

\

~

actin assembly. · ActiVation of Rae by PDGF tre,atmenfresults in rapid
•

•

•

,

I"

I

-

redistribution of Abl, PKA, and WAVE1 to sites of actin remodeling (13). WAVE1
mediated regulation of actin remodeling is further modified by interaction with
WARP (for WAVE-associated RacGAP.Qrotein) (16). In vitro activity assays
showed that WARP selectively stimulates Rae GTPase activity. In vivo, WARP
inhibited Rae mediated neurite outgrowth. Taken together, the A-kinase
anchoring protein WAVE1 forms a multi protein complex of signal initiatqrs (Rae),
signal inhibitors (WARP), and other signal transducers (PKA, Abl) to functionallyregulate actin reorganization. Indeed, proteomic analysis of the WAVE1 complex
has identified many other binding partners indicating the complexity of this AKAP
.

.

signaling unit (16). Interestingly, WAVE-1 null mice have behavioral deficits
similar to patients with a disease linked to genetic lesions in WARP known as 3psyndrome mental retardation (17). This information suggests altered AKAP
complex formation may cause human disease.

Figure 2. YY,iskott-~ldrich syndrome protein family
Y§.rprolin homology protein 1 (WAVE1) signaling
complex. WA VE1 regulates actin remodeling by bridging
· the Arp2/3 actin polymerization complex-with a RacGTPase
activator. WA VE1 binds two kinases, PKA and Abelson
tyrosine kinase (Ab/). Another novel protein interactor
· encodes a Rae selective GTPase-activating protein (GAP)
named WARP that inhibits Rae-mediated activation of the
Arp2/3 complex. Thus, the WA VE-signaling complex
incorporates numerous signaling enzymes, cytoskeletal
components and effector proteins. (adapted from Scott·et al.,
2001)
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AKAP350, a Centrosome and Golgi apparatus AKAP.

Our laboratory has been interested in a centrosomal and Golgi associated
AKAP, AKAP350, for a number of years. Bornens, et al. first identified a
centrosome-associated 350-kDa Rll-binding protein in a human lymphoblastic
cell line using a

32

P-labeled RII overlay technique (18). Using a modified

32

P-RII

overlay, a search to identify· possible acid-modifying AKAPs in rabbit parietal cells
identified a 120-kDa rabbit AKAP, AKAP120 (19). Recombinant AKAP120 was
used to make a monoclonal antibo_dy against the AKAP. Western blots of Hela
and MDCK lysates with this antibody demonstrated 350-kDa and 250-kDa
immunoreactive bands. Subsequent cloning of the protein identified a new
human AKAP that our lab termed AKAP350 (20). Within a year of publication,
two other groups identified centrosomal AKAP450 (21) and .Qentrosome and
Golgi localized PKN-E-ssocia~ed .Qrotein, CG-NAP (22). Alternative initiation sites
accoupt for the 5' sequence differences between AKAP350, AKAP450, and CGNAP. For clarity, we refer to all members as AKAP350 in deference to the
original identification of a 350-kDa AKAP by Bornens et al. (18). · In addition to
the two alternativ~ 5' initiation sites, the AKAP350 .gene codes for multiple 3'
· variants. Three splicing events in the carboxyl terminus of AKAP350 generate the
AKAP350A, AKAP3508, and AKA_P350C proteins (20, 23, 24). A fourth 3'
variant, yotiao,_ utilizes the first 8 ex?ns ~f AKAP350 (12).
AKAP350 Signaling Complexes_~
-

.

.

'

AKAP350 interacts with PKA by two conserved RII binding sites. Numerous
AKAP350 binding· partners have been identified since initial characterization of

Figure 3. AKAP350 Interacting Proteins. AKAP350 binds
numerous signaling mediators including kinases (magenta),
phosphatases (tealj, signaling enzymes (brown), and other
proteins of unclear function (green). Each protein interacts
with AKAP350 in variable regions.
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the protein (Figure 3). Several of these proteins have been implicated in
AKAP350-coordinated signaling units. For example, immature protein- kinase CE
associates with CG-NAP at the Golgi/centrosome area where CG-NAP plays a
role in maturation of the enzyme into its active phosphorylated state (25). In
another example, phosphorylation of the A-kinase regulatory subunit Rlla by the
mitotic kinase CDK1 partially altered Rlla interaction with the centrosome and
AKAP450 in a cell-cycle dependent manner (26). AKAP450 was also implicated
in the spatial and temporal control of cAMP signaling by co-immunoprecipitation
of the phosphodiesterase, PPE4D and_ PKA-~lla with AKAP450 from partially
.

.

,.

'

'

-

'•

.·

..

purified nuclei-centrosome complexes (27).
AKAP350 Targeting.
An intenisting aspect of AKAP350 function is its differential localization to the
.

'

centrosome and ~olgi apparatus.. In Borne~_'s initial report,. AKAP350 localized
exclusively to the centrosome in lymphoblasts (18). Our work along with others
localized AKAP350 to the centrosome (20, 21 ). Interestingly,
immunocytochemistry also identified non-centrosomal AKAP350 staining in
several cell lines (20), and two antibodies utilized by Takahashi et al. (22)
demonstrated Golgi apparatus staining. Employing different fixation conditions,
we subsequently confirmed Golgi staining in several cell lines including Hela,
HCA-7, HCT116, and MOCK (23). Interestingly, AKAP350 staining of Jurkat
cells, a leukemic T-cell line, localizes exclusively to the centrosome in a manner
similar to KE-37 lymphoblasts (18). Therefore, AKAP350 appears to differentially
distribute to the centrosome and/or Golgi apparatus in different cell lines.
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Recently, our lab (23) as well as another (28) have identified the AKAP350
sequences responsible for Golgi apparatus and centrosome localization.
Gillingham, et.al. identified a region in the carboxyl end of AKAP350 that targets
to the centrosome in COS cells (28). The region has high homology to
pericentrin, so they termed it the .12ericentrin-AKAP450 Qentrosomal !argeting
(PACT) domain. Fusion proteins of GFP and AKAP350 sequences in HCA-7
cells confirmed centrosome targeting of the PACT domain and identified a Golgi
Q.inding (GB) sequence in close proximity (23).
Hypothesis.
Initial characterizations of AKAP350 have identified its gene and protein
structure. Various biochemical and genetic approaches have identified AKAP350
interacting proteins. Distinct domains within AKAP350 target the AKAP to the
Golgi apparatus and centrosome. However, evidence linking AKAP350's ability
to assemble multiple protein complexes with its ability to target specifically to the
centrosome or the Golgi apparatus remains obscure. We hypothesize that
\

AKAP350 targets multimeric protein complexes to the centrosome to affect
intracellular signaling pathways.
Specific Aims. · · ·
I.

Characterize the interaction of AKAP350 with a novel binding partner,
TACC4, at the centrosome in Jurkat cells.
A. Identify the specific targeting sequences of TACC4 and AKAP350

responsible· for their interaction.
B. Characterize AKAP350 anchoring of TACC4 to the centrosome.
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C. Identify cellular impact of GFP-TACC4 overexpression.
II.

Charact~rize the cell cycle progression delay induqed by GFP-TACC4
overexpression.and clarify the relation_ship of_rabbit TACC4 and human
TACC3.

A. Perform immunolocalization studies of the spindle checkpoint
machinery in GFP-TACC4 overexpressing cells.
B. Characterize human TACC3 and human ch-TOG distribution in
GFP-TACC4 expressing Jurkat cells.
C. Compare distribution of TACC4, TACC3, GFP-TACC4, and GFPTACC3 in Jurkat cells.
Ill.

Characterize the functional significance of AKAP350 centrosome
targeting (PACT) domain expression in epithelial cells and Jurkat cells.

A. Develop and characterize a stable GFP-PACT-expressing Jurkat
cell line.
B. Develop and characterize a stable GFP-PACT-expressing rat
intestinal epithelial (RIE-1) cell line.

CHAPTER 1
Transforming Acidic Coiled-coil Containing Protein 4 Interacts with
Centrosomal AKAP350 and the Mitotic Spindle Apparatus

Abstract

AKAP350 is a multiply-spliced family of 350-450 kDa A-kinase anchoring proteins
localized to the centrosome and the Golgi apparatus. Using AKAP350A as bait
in a yeast two-hybrid screen of a rabbit parietal cell library, we have identified a
novel AKAP350 interacting protein, Transforming Acidic Coiled-coil Containing
protein 4 (TACC4 ). Two-hybrid binary assays demonstrate interaction of both
TACC3 and TACC4 with AKAP350A and AKAP3508. Antibodies raised to a
TACC4-specific peptide sequence colocalize TACC4 with AKAP350 at the
centrosome in interphase Jurkat cells. Staining of mitotic cells reveals
translocation of TACC4 from the centrosome to the spindle apparatus with the
majority of TACC4 at the spindle poles. Truncated TACC4 proteins lacking the
AKAP350 minimal binding domain found in the carboxyl coiled-coil region of
TACC4 could no longer target to the centrosome. Amino truncated TACC4
proteins could no longer target to the spindle apparatus. Further, overexpression
of TACC4 fusion proteins that retained spindle localization in mitotic cells
resulted in an increased proportion of cells present in prometaphase. We

14

15
propose that AKAP350 is responsible for sequestration of TACC4 to the
centrosome in interphase, while a separate TACC4 domain results in functional
localization of TACC4 to the spindle apparatus in mitotic cells.
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INTRODUCTION
Rapid transmission of membrane-initiated signals to appropriate intracellular
targets is fostered by signal compartmentalization. Intracellular
compartmentalization allows an initial, general second messenger to achieve
greater signal specificity. By localizing Type II cAMP dependent protein kinase
(A-kinase) to a particular organelle or cytoskeletal element, A-kinase anchoring
proteins (AKAPs) effectively pre-position the inactive enzyme at or near its
eventual substrate (29). Since there are a number of cAMP-dependent signaling
pathways operating simultaneously in the cell, AKAPs facilitate the stimulation of
a single unique target at the appropriate time and place (7). Most AKAPs have
an amphipathic alpha helical region that binds the regulatory subunits of the Akinase heterotetramer (2). Other domains in AKAPs provide targeting motifs to
enable binding of an individual AKAP to its particular intracellular compartment
(8) and sequence motifs for the scaffolding of other regulatory proteins. Indeed,
many AKAPs also scaffold multiple enzymes that are typically protein kinases,
phosphatases, or other second messenger-dependent mediators (30). This
complex pattern of protein assembly suggests that A-kinase anchoring proteins
have the ability to coordinate multiple intracellular signaling events.
Several groups have shown evidence for the functional presence of AKAP
scaffolded intracellular signaling complexes. AKAP75, isolated from bovine
brain, and its human homologue, AKAP79, localize A-kinase, protein kinase C,
and protein phosphatase 2b to post-synaptic densities (31, 32). The specific role
for each of these enzymes in this environment remains to be identified, but
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AKAP79 could functionally organize these multiple effectors in a strategic
location for transmission and modulation of post-synaptic signals. Similarly,_
AKAP250, also known as Gravin, localizes both A-kinase and protein kinase C to
the membrane cytoskeleton and filopodia found in human erythroleukemia cells
(33). Its submembrane locale places it adjacent to transmembrane receptors,
which are likely regulated in part by A-kinase and protein kinase C.
lnv~stigations of the yotiao scaffolding protein have revealed its essential role in
tethering both A-kinase and the type 1 protein phosphatase (PP1) to synaptic
NMDA receptors (34 ). Protein phosphatase 1 suppresses and A-kinase
activates NMDA receptor upregulation, thus defining the role of yotiao as a
signaling system scaffold. Most recently, muscle-selective AKAP (mAKAP) has
been implicated in bi-directional control of cardiomyocyte PKA activity by
anchorage of both PKA and cAMP-specific phosphodiesterase, PDE4D3 (1 ).
In recent years, our group and others have identified an A-kinase anchoring
'

'

protein, AKAP350, which localizes to the centrosome and the Golgi apparatus
(18-22). AKAP350 is the product of a multiply spliced gene from human
~

1.•

chromosome 7q21 that generates ~ume~ous isoforms of a large protein scaffold
with both centros<?mal and non-centrosomal VF1riants. Subsequent to our
publication of AKAP350, Ono et-al. (22) and ·Orstavik et. al.(21) identified the
same open reading frame cDNA as CG-NAP and AKAP450, respectively. In
addition to binding Type II A-kinase regulatory subunits, initial studies of
AKAP350/AKAP450/CG-NAP show that it interacts with the serine/threonine
'

kinase protein kinase N, protein phosphatase 1, and protein phosphatase 2a
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(22). Further studies have demonstrated that CG-NAP associates with protein
kinase Ce in a phosphorylation-dependent manner (25) and that AKAP450
associates with phosphodiesterase 4D3 (27).
Two carboxyl-terminal splice variants from human gastric mucosa
(AKAP350A) and human lung (AKAP3508) have been identified (20). AKAP450
and CG-NAP contain carboxyl termini identical to AKAP350A. AKAP350C is a
separate read-through termination that truncates the last twelve exons of
AKAP350A and results in a different carboxyl-terminal amino acid sequence
(GenBank accession number AF247727). The NMDA receptor-associated
AKAP, yotiao, is the shortest 3' splice variant derived from this locus (11, 12). All
together, two 5'-intiation sites, two internal spice sites and four 3' splice variant
a

products of AKAP350/AKAP450/CG-NAP have been reported. For the sake of
simplicity, we will refer to this protein family throughout as AKAP350.
Scaffolding proteins could provide a means to organize multiple activities at
discrete sites on the centrosome. A recent study of pericentrin, a known integral
matrix centrosomal protein (35), showed that it functions as an A-kinase
anchoring protein which binds cAMP-dependent kinase (A-kinase) regulatory
subunits through a novel motif (36). The functional significance of pericentrin's
A-kinase scaffolding at the centrosome is unknown, but it appears to be
important in spindle formation. Spindle defects have been observed when
pericentrin_'s A-kinase anchoring is disrupted (37). Pericentrin interacts with the
_ motor 'protein dynein (38) and is a substrate for A-kinase (39). Overexpression of
per~centrin results in dynein depletion and a number of spindle defects (38).
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Pericentrin's apparent scaffolding function may play an important role in the
centrosome's complex function of nucleating microtubule polymers for spindle
formation.
In this report, we have utilized a carboxyl-terminal fragment of AKAP350A as
bait in a yeast two-hybrid screen of a rabbit parietal cell library. Isolation and
subsequent cloning has identified a novel AKAP350 interacting protein that is a
member of the Transforming Acidic Coiled-coil Containing (TACC) protein family,
TACC4. TACC4 is the first identified AKAP350 interacting protein that is not a
signal transduction enzyme. lmmunolocalization with polyclonal anti-TACC4
antibodies colocalizes TACC4 with AKAP350 at the centrosome in interphase
Jurkat cells. Once cells begin mitosis, TACC4 translocates to the spindle
apparatus accumulating at the spindle poles, while AKAP350 remains at the
centrosome. Yeast two-hybrid binary assays and truncated GFP-TACC4
expression s_tudies identify amino acids 24 7 to 404 of TACC4 as the region
responsible for AKAP350 interaction and corresponding centrosome localization.
Further, a separate amino terminal TACC4 region from amino acid 1 to 380 is
responsible for spindle localization. These results indicate that TACC4 is
sequestered to the centrosome during interphase by AKAP350 interaction. This
interaction is lost in mitosis and TACC4 translocates to the spindle apparatus
where it may have a functional role in spindle dynamics.

20
MATERIALS AND METHODS
Materials.
pEGFP-C2 vector, Advantage Taq, and Marathon cloning kits were
purchased from Clontech. All DNA sequencing was performed using dye
terminator chemistry automated sequencing in the Molecular Biology Core
Facility at the Medical College of Georgia. The Molecular Bio.logy Core Facility
also synthesized oligonucleotides. A rabbit polyclonal antibody (NE27) was
raised against

a 16-mer peptide sequence co'rresponding to amino acids 99-113

of TACC4 (NH2-DEQGTRESPSTPTPRC~COOH) by New England.. Peptide.
'

'

Mouse monoclonal" antibodies to y-tubulin and a-tubulin_ were purchased from
Sigma. Mouse GAL4 AD and GAL4 BD ·monodohal antibodies were purchased
from Clontech. Mouse monoclonal anti-AKAP350 (14G2) was produced as
previously described (20). For production of AKAP350A specific antibodies, a
peptide corresponding to the unique region in the carboxyl-t~rminus of
AKAP350A was conjugated to keyhole limpet hemocyanin using ~n lmject
lmmunogen EDC Kit from Pierce Chemical (Rockford, IL). The AKAP350A
peptide (GSTTQFHAGMRR) was synthesized in the Molecular Biology Core
Facility. Rabbit polyclonal antibodies were raised iri the Antibody Facility at the
University of Georgia. The antibody was affinity-purified using the Amino-Link
system from Pierce Chemical with the AKAP350A peptide. 100mM glycine pH
2.5 was used to elute the AKAP350A antibody from the Amino-Link column.
Species-specific Cy2.;., Cy3-, and Cy5-conjugated secondary antibodie,s were
purchased from Jackson lmmunoResearch Labs (West Grove, PA). Prolong
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Antifade, 4' ,6-diamidino-2-phenylindole, and species-specific Alexa 488conjugated secondary antibodies were purchased from Molecular Probes, Inc.
(Eugene, OR). Fail-Safe amplification kits were purchased from Epicentre. [(a32P]-dCTP was purchased from NEN Life Science Products. Protease inhibitor
cocktail and glass beads_ were purchased from Sigma.

Yeast two-hybrid screening.
A rabbit parietal cell pADGAL4 two-hybrid library was screened with the final
2.7 kb of human AKAP350A cDNA in the binding domain vector pBDGAL4-Cam
(Stratagene). The Y190 yeast strain harboring the HIS3 and ~-galactosidase
reporter genes was used for screening of approximately one million clones as
previously described (40). A single positive clone was identified and rescued into
XL 1-Blue bacteria with selection using ampicillin. Plasmid DNA was prep?red
using Qiagen miniprep kits, and the clone was sequenced using flanking vector
primers and specific derived oligonucleotide sequences by the MCG Molecular
Biology Core Sequencing Facility.

5'-RACE.
The 5' end of the isolated clone was highly GC rich and resolution of the
remaining 5' sequence required use of both high temperature cDNA production
with rTth polymerase and optimized nested amplification from rabbit spleen
cDNA using the Fail-Safe amplification buffer system (Epicentre). Rabbit spleen
total RNA was prepared as previously described (41 ), and cDNA was prepared
using rTth polymerase (Perkin-Elmer) in the presence of manganese ions with
oligo-dT priming. The resulting cDNA was then modified by addition of linkers to

22
prepare a tinkered cDNA (Marathon_, Clontech). Amplification from a rabbit
spleen cDNA required Fail-Safe Buffer E (Epicentre) in two rounds of nested
amplification. The first round was performed with Adapter Primer 1 (Clontech)
and CTCCAGGATACACAGGGGTT (94°C 10 sec, 72°C 3 min for 5 cycles, 94°C
1O sec, 70°C 3min for 5 cycles, 94 °C 10 sec, 68°C 3 min for 30 cycles). This
was followed by reamplification with Adapter Primer 2 and
CCCGMCTGCTCCAGGTMTCGATCTC (94°C 10 sec, 60°C 10 sec, 68°C 2
min for 35 cycles). The resulting products ranging in size from 500 to 1000 nt
were gel isolated and cloned into pTOPO-T (lnVitrogen). Isolated plasmid
minipreps were sequenced as above.
Northern blot analysis.

Northern blots containing 20 µg of total RNA from rabbit tissues were
hybridized with a random primed TACC4 cDNA probe (nucleotides 372-765).
The probe was amplified from plasmid using polymerase chain reaction with
Advantage Taq polymerase (Clontech) (T400 sense:
GGCCGAGACCCCAGGACCAGGAGAC; T400 anti-sense:
GGGGGCCCGACGCGCTCACAGG; 95°C 30s, 60°C 30s, 68°C 60sfor 35
cycles). Blots were washed at high stringency (0.1 X SSC, 65°C) and exposed to
_X-ray film (Kodak).
Yeast two-hybrid binary a_ssays.

Carboxyl-terminal cDNAs for AKAP350B and AKAP350C of similar-size to
pBD-AKAP350A were cloned into -pBD-GAL4. Truncations of AKAP350 including
regions common to AKAP350A and A_KAP350B were subcloned into pBD-GAL4.
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Full-length TACC4 cONA was subclonedinto pAO-GAL4. Truncated TACC4
cONAs were amplified from full-length TACC4 cONA and subcloned into pAOGAL4. Assays were performed by dual transfection of the Y190 yeast strain with
a binding domain p80-GAL4 construct and an activation domain pAO-GAL4
construct followed by detection of B-galactosidase production as described
previously (42). Positive interactions were defined by identification of blue
colonies within 2 hour~ of administration of ,x-gal.
Yeast western blot analysis.
Yeast_ two-hybrid binary assays that tested negative for B-galactosidase
production_ were_ checked for expression

of pAO and pBO by Western blot

analysis. Cotransformed yeast colonies were inoculated into 50 mis SO/-Trp/.

-

Leu-and grown overnight at 30°_C. 10- mis of the overnight culture were
inoculated into 50 mis of YPO and grown to an OOsoo of 0.5. Cultures were
pelleted at 3000g for 10 minutes, resuspended in 50 mis of sterile water, and
pelleted again. The pellets were quickly frozen in liquid nitrogen and kept at 70°C. Pellets were thawed and put in lysis buffer (50mM EOTA, 1M NaCl, 1mM
EGTA, 0.1 % Triton X-100, 1µL/ml protease inhibitor cocktail). Glass beads were
added to the lysis solution, and the yeast were vigorously vortexed for 1O
minutes. Lysis solution was removed from the top of the beads and spun down .
at 4 °C for 10 minutes at 20000g. The supernatant was discarded. Pellets were
dissolved in 1x SOS, 10% B-mercaptoethanol, boiled for 15 minutes, and
separated on a 10% SOS-PAGE gel. Gels were.transferred to lmmobilon for
subsequent western blotting using anti-pAO GAL4 and anti-PBO GAL4. Blots
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were blocked with 5% nonfat dry milk in 25 mM Tris-HCI, pH 7.5, 150 mM NaCl
for 1 h at 25°C. Blots were then probed in 0.5% nonfat dry milk in 25 mM TrisHCI, pH 7 .5, 150 mM NaCl for 2 h at 25°C with a monoclonal antibody against pAO GAL4 (0.1 µg/mL) or pBO GAL4 (0.1 µg/mL). After the primary incubation,
the blots were washed three times for 15 min each with 25 mM Tris-HCI, pH 7 .5,
150 mM NaCl and then incubated with horseradish peroxidase-conjugated antimouse lgG (1 :2500) for 1 h at 25°C. The blots were washed three times for 5
min each with 25 mM Tris/HCI pH 7.5, 150 mM NaCl followed by 1 min
incubation with chemiluminescence substrate (Pierce, Supersignal).
Western blot analysis.
Jurkat cell lysate was prepared by lysis of 50 x 106 cells. 75 µg of Jurkat cell
lysate was combined with 1x SOS, 10% ~-mercaptoethanol or 1x SOS, 3M urea,
and 10% ~-mercaptoethanol and was resolved on 10% SOS-PAGE gels and was
transferred to lmmobilon for subsequent western blotting by anti-TACC4 (NE27).
Blots were blocked with 5% _nonfat dry milk in 25 mM Tris-HCI, pH 7 .5, 150 mM
NaCl for 1 h at 4 °C. Blots were then probed in 2.5% nonfat dry milk in 25 mM
Tris-HCI, pH 7.5, 150 mM NaCl for 2 hat 25°C with a monoclonal antibody
against AKAP350 (14G2; 1:500) or with a polyclonal antibody against TACC4
(NE27; 1:3000). TACC4 peptide competition assays were performed by adding
2.5 µM of peptide (NH2-OEQGTRESPSTPTPRC-COOH) to the primary antibody
incubation. After the primary incubation, the blots were washed three times for
15 min each with 25 mM Tris-HCI, pH 7 .5, 150 mM NaCl and then incubated with
horseradish peroxidase-conjugated anti-mouse lgG (1 :2500) or anti-rabbit lgG

25
(1 :25000) for 1 h at 25°C~ The bl~ts. ~ere was~ed three times for·5 min each
with 25 mM Tris/HCI pH 7 .5, 150 mM NaCl folld·wed by

1 min incubation with

chemiluminescence. substrate (Pierce, Supersignal).
lmmunocytochemistry of NE27.
Jurkat cells were pelleted onto glass slides using a Cyto-Spin apparatus
(Clay.:.Adams). Cells were fixed in 4% paraformaldehyde for 10 min at 25°C.
Fixed cells were washed in PBS, then blocked and permeabilized with 1% milk,
0.3% Triton X-100 in PBS. lmmunostaining was subsequently performed with
various combinations of anti-TACC4 (1 :250), anti-AKAP350 (14G2, 1:80), anti-ytubulin (1 :500), and anti-a-tubulin (1 :50) for 2 hours at 25°C. The cells were then
in·cubated with Cy3-conjugated anti-mouse lgG and Alexa 488-conjugated antirabbit lgG for 60 min. Following three 5-minute washes in PBS, the cells were
incubated in DAPI (1 mM) for 5 min and given a final 5 minute wash in 50 mM
sodium phosphate, pH 7.4. Slides were mounted with Prolong Antifade
(Molecular Probes, Eugene, OR). Cells were examined in the Imaging Core
facility at the Medical College of Georgia on a Zeiss Axiophot microscope
equipped with a SPOT digitizing camera or a Molecular Dynamics confocal
microscope as described previously (43). Anti-TACC4 (NE27) specificity was
confirmed by competitive inhibition of immunostaining with 500 µM TACC4
epitope peptide.
Cloning of 3' terminal sequences from AKAP350 spli'?e variants.
The 3' splice variant sequences, AKAP350A (originally reported as
HGAKAP350) and AKAP350B (originally reported as HLAKAP350), were cloned
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previously (20). Using the Marathon RACE system, a linkered human lung cDNA
(Clontech) wa~ utilized to perform 3'-RACE using a sense primer
ATCMTACMTCTCATCTCTAAAG corresponding to a start site at nucleotide
8197 of AKAP350~ The resulting RACE products were cloned into pBluescript-T,
as previously described (41 ), and selected clones were sequenced. We
identified several sequences corresponding to the 3' regions of both AKAP350A
and AKAP3508. In addition, we identified a novel sequence for a third splice
variant, AKAP350C, which is accounted for by a read-through termination of the
final 12 exons present in AKAP350A with a short region of unique 3' coding
se_quence (Gen Bank accession number AF24 7727).

Preparation of recombinant protein.
TACC4 cDNA was cloned into the pGEX5-1 vector (Pharmacia) and
transformed into JM109 cells resulting in a vector coding for GST fused to the
amino terminus of full-length TACC4. A one-liter culture of pGEX-TACC4 or
empty pGEX5-1 vector was induced with 1mM IPTG in log phase and allowed to
grow for 4 hours at 37°C. Bacteria were collected with a 5000 g spin for 15
minutes, and the pellet was resuspended in 25 ml of lysis buffer (50 mM Tris-~CI
pH 8, 10 mM EDTA, 100 mM NaCl, 0.1 mg/ml lysozyme, benzamidine 5mM, and
AEBSF 0.1 mM). The lysate was sonicated on ice with four 10 sec bursts. Triton
X-100 was the·n added to a final concentration of 1% and the mixture was
nutated at 4 °C for 30 minutes. The lysate was then centrifuged at 20,000 x g,
and the supernate was filtered through a 0.45 µm filter. This filtrate was then
added to 2 ml of glutathione-sepharose beads (Pharmacia) prepared by washing
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2 times in 10 volumes PBS, one time in PBS + 1% Triton X-100, and 3 tirnes in
lysis buffer without Triton X-100. The beads and supernate mixture were mixed
on a Nutator (Clay-Adams) at 25°C for 30 minutes. Non-adherent protein was
removed with a 5-minute 500 x g centrifugation and the beads were washed
three times with 10 bead volumes of PBS followed by one wash in PBS with 250
mM NaCl. Beads were then transferred to a 1.5 ml centrifuge tube, and protein
was eluted with 1 bead volume of elution buffer (10 mM reduced glutathione, 50
mM tris-HCI pH 8) for 10 minutes at 25°C.

In vitro binding assay.
One hundred µI of GST-TACC4(1-454)-bound glutathione beads (prepared as
-

.

above without the elution step), GST-bound gluta~hione beads, or unbound
glutathione beads were blocked in PBS, 2 -mg/ml BSA at 4 °C for 2 hours. 1 ml of
. rabbit stomach mucosa 100,000 x g supernate was then added to each aliquot of
beads, and the mixtures were incubated on ~ Nutator at 4 °C for~ hours. Nonadherent proteins were collected by centrifugption at 100 x g, placed in 1% SOS
stop solution, and heated at 9.5°C for 5 minutes with final addition of 1/10 final
volume of ~-mercaptoethanol. Beads were washed three times with 1 ml of PBS
and then incubated in 1.5% SOS stop solution at 95°C for 15 minutes. The beads
were pelleted at 500 x g for 5 minutes and 1/10 volume of 2-mercaptoethanol
was added to the supernates. Samples were resolved by SOS-PAGE (3-10%
gradient gels) and transferred for 2h at 750 mA to nitrocellulose (Sarsedt) for
subsequent western blotting with anti-AKAP350 (14G2, 1 :500).
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Expression of GFP-TA CC4 fusion proteins.
TACC4 cDNA was cloned into pEGFP-C2 (Clontech) resulting in a vector
coding for GFP fused to the amino terminus of full-length TACC4. The AKAP350
binding domain of TACC4 (amino acids 247-404) was amplified by PCR (sense
primer: GGGCCCATCGTGGACG; antisense primer:
CTTGCTGCGGACCTGGGCGAT) and cloned into pEGFP-C2. The TACC4
binding domain of AKAP350 (amino acids 3376-3531) was amplified by PCR
(sense primer: CGGATGGGGGGGCAG; antisense primer:
TTATCTTCTCATGCCAGCATG) and cloned into pEGFP-C2. Jurkat cells were
5

transfected with the GFP fusions by electroporation. 4 x 10 cells were incubated
with 20 µg of GFP fusion protein plasmid DNA. A 500 µL sample in a 0.4 cm
electrode gap cuvette was pulsed at 900 µF and 270 mV. Cells were returned to
fresh media. After 30 hours in suspension culture, cells were pelleted onto glass
slides using a Cyto-Spin (Clay-Adams). Cells were fbced, blocked,
permeabilized, and stained as above with various combination_s of anti-TACC4
NE27 (1 :250), anti-AKAP350 (14G2, 1:80), anti-y-tubulin (1 :500), and a_nti-atubulin (1 :50).

GFP-TACC4 cell quantitation. .
The cell cycle stage of approximately 100 cells selected at random for three
separate transfections of GFP-TACC4, GFP-TACC4(1-380), GFP-TACC4(247404), and GFP was quantified. The number of prometaphase and interphase
cells amonQ transfected cells was compared by analysis of variance with a post
hoc comparison of significance by Tukey's Test.
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RESULTS
Yeast two-hybrid screen and cloning of TACC4.

Utilizing the last 2.7 kb of human AKAP350A coding sequence as bait, yeast
two-hybrid screening of a rabbit parietal cell library yielded a single partial clone
· of 1259 base pairs including a 3' poly-A tail and an incomplete 5' end. A BLAST
search of public databases with this novel sequence revealed significant identity
with members of the Transforming Acidic Coiled-coil Containing (TACC) protein
family including murine TACC3, human TACC3, human TACC2, and human
TACC1. As a result, we termed the AKAP350 interacting clone, TACC4.
Completion of cloning of the 5' end of TACC4 identified a 1532 nucleotide cDNA
sequence containing an upstream in-frame termination codon along with a polyadenylation signal downstream of the termination codon (Figure 4; GenBank
accession number AF372837). The 1364 nucleotide open reading frame coded
for a 454 amino acid protein with a predicted 49.2 kDa molecular weight and an
acidic isoelectric point of 4.6. Structural predictions indicated praline rich regions
in the first 255 amino acids and a coiled-coil motif encompassing the carboxylterminal 200 amino acids, both of which ~re characteristics of other TACC family
members.
The recently identified TACC protein family includes human TACC3 (44 ),
murine TACC3 (44), human TACC2 (44)/AZU-1 (45)/ECTACC (46), human
TACC1 (47), Drosophila D-TACC (48), and murine AINT (49). The protein
members all have a conserved coiled-coil TACC domain (50), an acidic
isoelectric point, and praline rich sequence outside the TACC domain. Alignment

32
of rabbit TACC4 with the TACC members of highest homology, murine TACC3
and the human TACC membe~s:- revealed significanlidentity with all members in
the carboxyl TACC coiled-coil domain and less identity in the remaining portion of
the protein (Fig~re 5). TACC4 contained the greatest total similarity to human
TACC3 (38%) and murine TACC3 (48%) with less similarity to human TACC2
(21%) and human TACC1 (24%). The coiled-coil TACC domain contained the
highest identity for all family members ranging from 41 % for human TACC2 to
81% for human TACC3.
A multiple sequence alignmerit of rabbit TACC4, human TACC3, and murine
TACC3 is shown in Figure 6. The major homology is found within the carboxylterminal portion of the TACC4-sequence. As previously described, human
TACC3 apparently has a single exon insertion of 996 nucleotides that is not
found in murine TACC3 (44). The corresponding region appears to be missing,
for the most part, from TACC4 as well. In addition, TACC4's coding sequence
does not contain the amino terminal 103 amino acids shared between murine
and human TACC3 proteins (solid box in Figure 5).
Northern blot analysis of TACC4.

A northern blot of rabbit tissue total RNA was probed with a cONA sequence
specific for TACC4 (nucleotides 372-765). Figure 7 demonstrates a single 1.6 kb
RNA species. This message size correlates well with the 1532 nucleotide cloned
TACC4 sequence. The messagE:l was enriched in spleen, jejunum, and
.

.

duodenum. It was also detectable in distal colon, ileuni, antj_ pancreas.

'·,. !•'

Figure 4. Nucleotide and deduced amino acid sequence
of TACC4. Cloning of TACC4 from iabbit spleen cDNA
resulted in a 1532 nucleotide sequence. The open reading
frame codes for 454 amino acids. The polyadenylation
signal in the 3'-untranslated region is double underlined. An
upstream in-frame stop codon, TGA, is underlined in the 5'untranslated region. A predicted cAMP-dependent protein
kinase phosphorylation site is bolded at amino acids 160 to
163. A predicted tyrosine phosphorylation site which is
conserved_ in the TAGG family is bolded at amino acids 372
to 380.

l
6l

GAGAGAAAGAGAGGGAGAGAGAAAGGTCAATI'CAGCGGCCGCTGAATl'CTAGCACT'.I'GGC
GCAC'l'GGGACGGAACC'l'CCCTGGCGAGGCCAGCAGC
-

9 7 ATGGTGCCCGTGCAAGGAGAGAGGCCCGAGGGGAGGCAGGGGCAGGCCGAGCCTGCACCC
l M V P V Q G E R P E G R Q G Q A E
P A
P
15 7 CCGGGC'l'CTCCCCACC'l'CGGCCGGGAGGAGCCGCCTGGCCCGAACCTCAGCCCGCGTGAT
2 l P -G S P H L G R E E P P G P N L S
P R D
217 GCTGGCCCCAAGGCTGATGGCACAGAGGCCCTGCCCCAAGAAAGCCCTGAGGCTGGCCAG
41 A G P K
A D G T
E A - L P Q E
S P E A G Q
277 CCGGGTGCGGGGCCTGTGGCTGCCGAGCCC'l'CGCCCCCGAGCCAGCAGCCGTGmTGGCT
61 P G A G P V A A E
P S P P S Q Q P C V
A
337 'l'I'GGTGGGCGACGCACCTGAGGTACAGACGGTGGCCGAGACCCCAGGACCAGGAGACGAG
81 L V G D A P E
V Q T V A E T
P G P G D E
397 CAGGGAACCCGGGAGTCCCCCAGCACGCCGACGCCCAGGAGCTG'D:CGGGCAGGGGGCCT
10 l Q G T R E S P S T P T P R S C P G R G P
45 7 GTGGCCCTGGAGCTGGAGGAGGAGAGCT'JX:AGAGACCCCGCCGAGGTCCTAGGCACGGGG
121 V A L E
L E E E S F R D P A E V L G T G
517 GCCGAGATCGATl'ACCTGGAGCAGTI'CGGGACCTCCTCGTI'CAAGGAGTCGGCCCTGAGG
14 1 A E I
D Y L E Q F G -T S
S F- K . E - S · A L R
5 7 7 AAGCAGTCCCTGTACC'l'GAAG'ITCGATCCTCTCCTGAGAGACAGTCCTGTGCGACTCGTG
16 1 K Q S _ L Y L K F D P L L R D S P V R L V
637 CCGCTGGCCACGGCCGCTGAGGCGGACAGCACGCAGGTCGCCGCTGAGCCCTCGGGGGGC
18 1 P L A T
A A E
A D
S . T Q .V A A E
P
S G G
69 7 CCCC'l'GGACACGCTGC'l'CGTGGACCTGGACCTCGGGGGAGCCCTGCC'l'G'l'CCC'l'GTGAGC
20 l P -.- L D T L L V D L · D L G G . A L P V P V S
757 GCGTCGGGCCCCCTGGAGCCGCAGG'DSCCGGCCCAACCCCTGTGTATCCTGGAGCCCAGC
22 1 A S G P L E P Q V -P · . A - Q P L C I
L E P S _
817 'l'GTCCACCCCm<:CCG'l'GGGGCCCATCGTGGACGTGCTGCGGTACAGCCAGCGAGACCTG
24 l C P P . L.. ·p - V G P I
V D V L R Y S Q. · R D -L
87 7 GACGCCGCAGTGCAGGCGGCACAGCAGGAGAACC'l'GGAGCTGAGGAGCCGGTGTGAGGAG
26 l D A A V Q A A Q Q E - N - L - E L.. R S R C E E
93 7 C'l\':CACACCAAGAACCTGGAGATGGGGAAGATCA'l'GGACGGG'l'T'.I'GAGGGGATCGTGTAC
281 L H T K N L E M G ~ I -M D G F E G I
V Y
99 7 CAGGCGATGGAGGAGGTCCAGAGGCAGAAGGAGGCTGCCAGAGCGGAAGTGCAGAAGGTC
30 l Q A M E
E V Q R Q I< E A A R A E V Q K
V
105 7 CTGAAGGACAGGGAGCAGCTCGCCGCGGACCTGAGCTCCACGGAGAAG'JX:CTl'CTCCGAC
32 l L K D R E Q L ·- A A D L S S T E K S
F S . D
1117 CTCTTCAAGCGCTTCGAGAAGCAGAAGGAGGTGA'JX:GGCGGCTACCGCAAGAACGAGGAG
34 l L F K . R F E K Q K E V I
G G Y R K N E E
117 7 TCGCTGAAGAAGTGCG'l'GGAGGACTACGCGGCGCGGG'l'GGAGAAGGAGGCCCAGAGGTAC
36 l
S L K K
C V E D Y A· A R V E K E A Q R
Y:
123 7 CAGGCGCTGAAGGCCCACGCGGAGGAGAAGCTCAAGCTGGCGAGCGAGGAGATCGCCCAG
38 l Q A L K A H A E E K L K L A S E E
I
A Q
129 7 GTCCGCAGCAAGGCCCAGGCGGAGGCCCTGGCCTTCCAGGCGAGCA'l'GAGGAAGGCGCAG
' 40 1 V R S K A Q A E A L A F Q A S M R K A Q
135 7 ATGCAGATCCAGTCGC'l'GGAGAAGACCGTGGAGCAGAAGGTGAAGGAGAACGAGGAGCTG
42 l M Q I Q S L E K T V E Q K V K E N E E
L
1417 ACGCGGATCTGCGACGACCTCATCTCCAAGATGGAGAAGA'l'CTGA
44 l T · R I
C D D L I
S K M E K I
*
1

146 2
152 2

GCTCGCTGCTGCTl'TCAGCCGCTCTCT'ITGGCTGCTGAATAAAG'ITCCCCTTAGGCTGCA
AAAAAAAAAAA

60
96

156
20
216
40
276
60

336
80
396
100
456
120
516

140
576
160
636
180

696
200
756

220
816
240
876
260

936
280
996
300
1056

320
1116
340
1176
360

1236
380
1296

400
1356
420
1416
440
1461
454
152 l
153 2

Figure 5. TACC4'is a novel member of the TACC protein
family. A BLAST search of available public databases
revealed TACC4 has significant identity to other TAGG
family members. An amino acid identity calculation of the
highly conserved coiled-coil TAGG domain (CC, hatched
box) and the variable (V) region indicated raf?bit TACC4 is
most similar to murine TACC3 and human TACC3. Murine
TACC3 and human TACC3_share an amino terminal region
of 103 amino acids (solid) with 61% identity that is not
present in rabbit TACC4 or other TAGG proteins.
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Figure 6. Amino acid sequence alignment of rabbit
TACC4, human TACC3, and murine TACC3. A sequence
alignment of the TAGG family members with highest
homology to TAGG4, murine_ and human TAGG3, was
performed. Identical.residues are shaded. Rabbit TAGG4,
murine TAGG3, and human TAGG3 share highest identity
within the carboxyl 200amino acids in the TAGG coiled-coil
domain. Human TAGG3 and murine TAGG3 also share a
region of high identity in the first 103 amino acids that is not
present in rabbit TA CG4.
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Figure 7. Northern blot analysis· of the tissue distribution
of rabbit TACC4. A random-primed TACC4 cDNA probe
(nucleotides 372-765} was used to probe total RNA (20 µg)
from rabbit tissue: S, spleen; DC, distal colon; I, ileum; J,
jejunum; D, duodenum; A, antrum; F, fundus; L, liver; B,
brain; M, molecular weight markers as a non-specific control;
P, pancreas. The probe recognized a single 1. 6 kb message
which was enriched in spleen, jejunum, and duodenum.
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Yeast two-hybrid mapping of the AKAP350 binding domain of TACC4.
Binary assays were performed with several pAD-TACC4 truncations against
the original pBD-AKAP350A construct utilized in the yeast two-hybrid screen
(Figure 8). Expression of appropriately sized pAD fusion protein was confirmed
by western blot in all negative ~-galactosidase production assays. Deletion of
the carboxyl terminal 50 amino acids of TACC4 had no effect on AKAP350A
interaction. However, further deletion of 24 amino acids abolished this
interaction. While truncation of the 247 amino terminal residues did not alter
AKAP350A interaction, deletion of amino acids 247 to 284 abolished interaction.
Further truncations of pAD-TACC4 were constructed to identify the minimal
AKAP350 binding domain of TACC4. pAD-TACC4(24 7-380) was not able to
interact with AKAP350. However, amino acids 247-404 maintained interaction
with AKAP350 identifying the minimal AKAP350 binding· domain of TACC4. The
coiled-coil domain of TACC4 extends from amino acids 255 to 454. Thus, the
binary assay data suggests that two regions of TACC4 at the beginning and end
of the coiled-coil domain are important for interaction with AKAP350 (solid boxes
in Figure 8).
Given the importance of the conserved coiled-coil TACC domain to
AKAP350A/TACC4 interaction, we evaluated whether other TACC family
members with similar coiled-coil TACC domains could interact with AKAP350A.
Truncated amino terminal forms of each human TACC gene were cloned into the
pAD-GAL4 activation domain and assayed for interaction with pBD-AKAP350A
(Figure 8). Two amino-terminal truncated fragments of human TACC3 both

~igure 8. Y2H mapping of the AKAP350 binding domain
r,f TACC4. pAD-GAL4 activation domain vectors ·were
constructed with amino and carboxyl truncated forms of
TAGG4. The coiled-coil regior, in the TAGG proteins is
hatched. The resultant vectors were probed against binding
domain pBD-AKAP350A. Garboxyl truncations to amino
acid 380 [TAGG4(1-380)] revealed a region of TACG4 from
amino acids 380 to 404 (solid box) which is necessary for
interaction with AKAP350A. Amino truncations identified a
second region of TAGG4 from amino acids 247 to 284 (solid
box) also necessary for interaction with AKAP350A. Using
this data, a mimimal AKAP350 binding domain of TAGG4
from amino acid 247 to 404 [TAGG4(247-404)] was
constructed. pAD-GAL4 constructs of the highly
homologous coiled-coil TAGG regions of human TAGG3
(hTAGG3), TAGG2 (hTAGG2), and TAGG1 (hTAGC1) were
constructed and tested for interaction with AKAP350A.
Interestingly, only human TAGG3 was able to interact with
AKAP350A.
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interacted with AKAP350A, while fragments of TACC1 and TACC2 did not
interact. These results are apparently due to the high homology between the
coiled-coil domains of human TACC3 and rabbit TACC4.
Yeast two-hybrid binary assays with AKAP350B, AKAP350C, and truncated
AKAP350A map the TACC4 binding domain of AKAP350.
AKAP350A and AKAP3508 differ only in their terminal 23 amino acids.
However, AKAP350C truncates a 700 amino acid portion of the AKAP350A
carboxyl terminus eliminating one of the carboxyl leucine zippers and replacing it
with a novel 47 amino acid carboxyl terminal sequence. Each of the splice
variant ends were_ amplified by polymerase chain reaction and cloned into the
pBD-GAL4 binding. domain vector. Binary assays were performed with pADTACC4 and each of the pBD-AKAP350·· carboxyl-terminal splice variants (Figure .
.

.

9). Expression of appropriately sized pBD protein was confirmed by western blot
in all·negative (3-galactosidase assays .. _AKAP350A and AKAP3508, but not
AKAP350C, demonstrated an interaction with TACC4. Thus, the carboxyl
.

.

terminal 700 amino acid residues truncated in A,KAP350C are important for
TACC4 interaction while the 23 amino acids different between AKAP350A and
AKAP3508 resulted in no change in TACC4 interaction.
To identify the specific region of AKAP350 necessary for TACC4 interaction,
amino and carboxyl p8D-AKAP350 truncations were constructed and assayed
against pAD-TACC4. A carboxyl truncation from amino acids 3265 to 3520 (the
last amino acid common to AKAP350A and AKAP3508) maintained interaction
with TACC4 indicating that the binding domain of AKAP350 is in the region

Figure 9. Y2H mapping of the TACC4 binding domain of
AKAP350. AKAP350A and AKAP350B differ only in their
terminal 23 amino acids (compare hatched box in
AKAP350B with checkerboard box in AKAP350A).
However, AKAP350C truncates a 700 amino acid portion of
the AKAP350A carboxyl terminus eliminating one carboxyl
leucine zipper and replacing it with a novel 47 amino acid
carboxyl terminal sequence (vertical line filled box). The
carboxyl end of AKAP350B was amplified from the same
start site as the original AKAP350A bait fragment and cloned
into pBD-GAL4 binding domain vector as was a carboxyl
portion of AKAP350C. Yeast two-hybrid binary assays were
· .performed with full-length pAD-TACC4 and each of the pBD. AKAP350 carboxyl-terminal splice .variants. AKAP350A and
AKAP350B but not AKAP350C demonstrated interaction
with TACC4. Truncation of AKAP350 to amino acid.3488
revealed a single region necessa_ry for TACC4 interaction
from amino acids 3488 to 3520 (solid region). Using this
data, a TACC4 minimal binding domain of AKAP350 was
constructed from amino acid 3376 to 3531
[AKAP350A(33-76-3531 )].
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common to AKAP350A and AKAP3508. Further carboxyl truncation of 32 amino
acids (amino acids 3265 to 3488) eliminated interaction with TACC4, indicating
that the region of AKAP350 important for TACC4 binding is within the 32 amiho
acids from 3488 to 3520 (solid b.ox in Figure 9). Finally, a minimum TACC4
binding region of AKAP350A (amino acids 3376 to 3531) maintained interaction
with pAO-TACC4.
In vitro association of AKAP350A with TACC4.

In vitro binding assays were performed to confirm the observed yeast twohybrid interaction of AKAP350 and TACC4. Recombinant GST-TACC4 (1-454)
fusion protein was attached to glutathione sepharose beads. A 100,000 x g
gastric mucosa supernate was incubated with glutathione beads alone, GSTglutathione beads, or GST-TACC4 glutathione beads. Samples were eluted with
1% SOS, and proteins were separated on SOS-PAGE followed by western
blotting with 14G2, an anti-AKAP350 monoclonal antibody (Figure 10).
AKAP350 immunoreactivity was specifically recovered only from GST-TACC4
beads.
Western blot analysis of TACC4.

Anti-TACC4 polyclonal antibody (NE27) was raised against a peptide
sequence specific for TACC4 that is absent in human and murine TACC3 (Figure
11A). Using NE27, western blot analysis of 3M urea-treated Jurkat cell lysate
detected a band of immunoreactivity (Figure 11 B) with an approximate molecular
mass of 52 kOa as well as a band at approximately 235 kOa. Notably, if samples
were prepared without urea only the 235 kOa TACC4 immunoreactive band was

Figure 10. In vitro confirmation of an AKAP350llACC4
interaction. Recombinant GST-TACC4(1-454) fusion
protein was attached to glutathione sepharose beads. A
100,000 x g gastric mucosa/ supernate (S) was incubated
with glutathione_ beads alone (C), GST-glutathione beads
(G), or GST-TACC4 glutathione beads (T). Samples were
eluted with 1% SOS, subjected to SOS-PAGE, followed by
western blotting with 14G2 anti-AKAP350 monoclonal
antibody. AKAP350 immunoreactivity was specifically
recovered only from GST-TACC4 beads. These results are
representative of three separate experiments.
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Figure 11. Polyclonal anti-TACC4 antibody western blot
of Jurkat cell lysate. Anti-TACC4 polyclonal antibody
(NE27) was raised against a peptide sequence (A) specific
for TACC4 and absent in human and murine TACC3. Using
NE27, western blot analysis of 3M urea-treated Jurkat cell
lysate detected two bands of immunoreactivity _(B) with
approximate molecular masses of 52 kDa and 235 kDa.
Notably, only the 235 kDa TACC4 immunoreactive band was
detected when samples were prepared without urea.
lmmunoreactivity in both cases was not observed when
antibody was preincubated with antigen peptide.
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detected. lmmunoreactivity in both cases was not observed when antibody was
preincubated with 2.5 µM antigen peptide (data not shown). These results
suggest that TACC4 may form SOS-insoluble aggregates.
lmmunolocalization of TACC4.

Jurkat cells were fixed and stained with polyclonal anti-TACC4 (NE27) and
monoclonal anti-AKAP350 (14G2) (Figure 12A) or anti-a-tubulin (Figure 128).
Similarly, Jurkat cells were also stained with polyclonal anti-AKAP350A and
monoclonal anti-y-tubulin antibodies (Figure 12C). TACC4 colocalized with
AKAP350 at the centrosome in interphase Jurkat cells (Figure 12A). AKAP350A
colocalized with y-tubulin confirming the dual localization of TACC4 and
AKAP350A at the centrosome (Figure 12C). However, TACC4 localized to the
spindle apparatus in mitotic Jurkat cells as revealed by colocalization with atubulin (Figure 128). The anti-TACC4 staining decorated the spindle microtubule
strands and appeared to accumulate near the spindle poles.
GFP-TACC4 localizes to the centrosome and spindle apparatus.

To analyze further TACC4 targeting, full-le~gth TACC4 was cloned into .
pEGFP-C2 to express a GFP-TACC4 fusion protein containing GFP on the
amino terminus (Figure 13). The expression level of GFP-TACC4 in transiently
· transfected Jurkat cells was variable and resulted in different localization
patterns. When expressed at low levels, GFP-TACC4 (Figure 13A) targeted
predominantly to the centrosome and caused a slight decrea~e in endogenous
AKAP350 immunostaining. The AKAP350 staining appeared to be dispersed to
regions adjacent to the centrosom€3 that also contained GFP-TACC4. High

Figure 12. TACC4 targets the centrosome and mitotic
spindle apparatus. Jurkat cells were fixed and stained with
the labeled antibodies and OAP/ (column 3J for cell cycle
identification. Triple labeled pseudocolor images were
constructed using blue for OAP/, red for column 1 antibody
staining, and green for column 2 antibody staining.
Colocalization of the red and green images is seen as yellow
in the TRIPLE label (column 4J. Dual immunostaining of
interphase Jurkat cells with anti-TACC4 and anti-AKAP350
(AJ identified TACC4 colocalization with AKAP350 at the
centrosome. Anti-TACC4 staining coloca/ized with anti-atubulin on the spindle apparatus in mitotic Jurkat cells (BJ.
Anti-AKAP350A staining colocalized with r-tubulin at the
centrosome in interphase Jurkat cells (CJ.
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Figure 13. Overexpression of GFP-TAC 4 targets the··;
centrosome and spindle apparatus. Full length TACC4 ·-.
was cloned into pEGFP-C2 and transiently transfected i11to •.
Jurkat cells. The cells were fixed and stained with the
labeled antibodies and DAPI (column 4) for ceH cycle .
identification.. Triple labeled pseudocolor images were·
, constructed using blue for column 3 antibody.staining/tad
for column 1 antibody staining, and green for.column 2 GFPTACC4 expression. Colocalization of the red and green ·
images is seen as yellow in the TRIPLE label (column 5J.
Colocalization of the green and yellow images is seen as
aqua blue. Areas of colocalization between aH three images
are seen as white in the TRIPLE label. L?w level~ of GFPi
TACC4 (A) targeted to the centrosome_ with endqgenous
anti-TACC4 staining and anti-AKAP350 staining. · AKAP350
staining appeared dispersed or decreased iirsome cells.
High levels of GFP-TACC4 (BJ resulted in aggregate
formation and localization to the centrosome (long arrows} in
interphase cells and the spindle ·;apparatus (arrowheads) in
dividing cells. The majority of.anti-AKAP350A (B, short
arrows) staining remained at the centrosome in interphase
and mitotic Jurkat cells.
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expression of GFP-TACC4 also targ~ted to the centrosome (Figure 138, long
.

I

arrow) and resulted in an increased number of cells present in prometaphase as
I

determined by DAPI staining (Figure 13 column 4 ). In the transfected
prometaphase cells, GFP-TACC4 tqrgeted to the spindle apparatus (Figure 138,
arrowhead) colocalizing with a-tubuUn. Notably, high expression of GFP-TACC4

also resulted in cytosolic accumulations of GFP-TACC4 that were
morphologically similar to the pseudo-crystalline aggregates observed by Raff
and colleagues with overexpressed _TACC coiled-coil domains (50). Their
electron microscopic analysis indica_ted that the aggregates result from a
latticework of the coiled-coil TACC domains present in the TACC family
,'
I

members. The aggregations present are likely due to the highly homologous
TACC doma_in present in TACC4.

:

In GFP-TACC4 transfected cells:, the majority of AKAP350A, localized by antiAKAP350A staining, remained on the centrosomes with only slight dispersal onto
spindle fibers (Figure 138 short arrows). Thus, as with endogenous TACC4
staining (Figure 12), GFP-TACC4 disassociates from the centrosome during
I

division and relocates to the spindle apparatus, while AKAP350A predominantly
retains localization to the centrosome. The endogenous TACC4/AKAP350
localization as well as the GFP-TACC4 targeting led us to believe that the
AKAP350/TACC4 association was ~ependent on the cell cycle. To assess this
idea, we constructed two more GFP fusion proteins guided by the yeast twohybrid binary interaction data.
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GFP-TA CC4(1-380), a non-AKAP350 interacting protein, localizes to the
spindle but is unable to target to the centrosome.

We subcloned a carboxyl truncated TACC4 (1-380) into pEGFP-C2 and
transiently transfected GFP-TACC4(1-380) (Figure 14) into Jurkat cells.
TACC4(1-380) did not interact with AKAP350A in yeast two-hybrid binary assays
(Figure 8). GFP-TACC4(1-380) was dispersed throughout the· cytosol and did
not target to any specific organelle in interphase cells (Figure 14A,B).
Endogenous AKAP350A localization to the centrosome, as shown by
I

colocalization of y-tubulin and anti-AKAP350A, was unaffected by GFPTACC4( 1-380) expression (Figure 14A). Importantly, there was no discernible
targeting of GFP-TACC4(1-380) to the centrosome, demonstrating that the
region between amino acid 380 and 454 was necessary for TACC4 localization
to the centrosome in interphase cells. This same region of TACC4 was required
for interaction with AKAP350A in yeast two-hybrid binary assays. This
correlation suggested that TACC4 interaction with AKAP350A might be
responsible for TACC4 sequestration to the centrosome during interphase.
The net result of GFP-TACC4(1-380) targeting indicated that this TACC4
truncation differs from endogenous and full-length GFP-TACC4 by its inability to
localize to the interphase centrosome. However, GFP-TACC4(1-380) retained
the ability (in a similar manner to endogenous TACC4 and GFP-TACC4) to target
to the mitotic spindle apparatus (Figure 14C,D arrowheads). AKAP350 staining,
on the other hand, remained punctate on the remnant centrosomes (Figure 14C,
long arrows). Notably, GFP-TACC4(1-380) formed aggregates (Figure 14C,

Figure 14. GFP-TACC4(1--380) overexpression shows
cytoplasmic dispersal and spindle targeting. TACC4
(amino acids 1 to 380) was cloned into pEGFP-C2 and
transiently transfected into Jurkat cells. The cells were fixed
and stained with the labeled antibodies and DAPI (column 4)
for cell cycle identification. Triple labeled pseudocolor
images were constructed using blue for column 3 antibody
staining, red for column 1 antibody staining, and green for
column 2 GFP-TACC4(1-380) expression. lmmunostaining
with anti-AKAP350A and anti-y-tubulin (A) identified
cytoplasmic dispersal of GFP-TACC4(1-380). Notably, GFPTACC4(1-380) expression did not appear to affect
endogenous AKAP350A localization to the centrosome.
High expression levels of cytoplasmic GFP-TACC4(1-380)
appeared to perturb microtubules (anti-a-tubulin), while there
was no effect on anti-AKAP350A centrosomal staining (B).
GFP-TACC4(1-380) expression in mitotic cells (C) targeted
to the spindle apparatus (arrowheads) and formed
aggregates (short arrows) in a manner similar to GFPTACC4. Anti-TACC4 staining was also seen on the spindle
apparatus and the aggregates, while anti-AKAP350 staining
remained (long arrows) at the centrosome structures.
Whether or not GFP-TACC4(1-380) aggregates endogenous
TACC4 could not be addressed since GFP-TACC4(1-380)
contains the antigen peptide epitope used to raise antiTACC4. GFP-TACC4(1-380) localization to the spindle
apparatus was confirmed by colocalization with a-tubulin (D).
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short arrows) that were morphologically similar to those formed by GFP-TACC4.
This expression ·pattern suggested that the region of TACC4 responsible for
interaction with the spindle apparatus was contained within amino acids 1 to 380
and did not require interaction with AKAP350. Thus, there are distinct regions of
TACC4 responsible for centrosome localization and spindle localization.
The AKAP350 minimal binding domain of TACC4, GFP-TACC4(247-404),
targets the centrosome but not the spindle apparatus.
· The second construct fused the AKAP350 minimal binding domain of TACC4
(amino acids 247 to 404) with GFP to_form GFP-TACC4(247-404). Similar to
GFP-TACC4, variable expression of GFP-TACC4(247-404) resulted in two
localization patterns (Figure 15). Low levels of GFP-TACC4(24 7-404) targeted to
the centrosome (Figure 15A). Anti-TACC4 staining of the same cells revealed
slight dispersal of endogenous TACC4 from the centrosome with no observed
effect on endogenous AKAP350 staining. In yeast two-hybrid binary assays, this
region of TACC4 interacted with AKAP350A. These results provide further
evidence that interaction with AKAP350 correlates with TACC4 localization to the
centrosome.
High levels of GFP-TACC4(247-404) formed anti-TACC4 reactive aggregates
(Figure 15B). This observation was not surprising due to the significant amount
of the TACC domain present in GFP-TACC4(247-404). Anti-TACC4 staining
revealed that a significant amount of endogenous TACC4 was pulled into the
GFP-TACC4(247-404) aggregates suggesting that the TACC domain may elicit
seeding of multimeric complexes of endogenous TACC4. Endogenous

Figure 15. Overexpression of the minimal AKAP350
binding domain of TACC4, GFP-TACC4(247-404), targets
the centrosome but not the spindle apparatus. The
minimal AKAP350 binding domain of TACC4 (amino acids
247 to 404) was cloned into EGFP-C2 and transiently
transfected into Jurkat cells. The cells were fixed and
stained with the labeled antibodies and OAP/ (column 4) for
cell cycle identification. Triple labeled pseudocolor images
were constructed using red for column 1 antibody staining,
green for column 2 GFP-TACC4(247-404) expression, and
blue for column 3 antibody staining. Low levels of GFPTA CC4(247-404) targeted to the centrosome and
colocalized with endogenous anti-TACC4 and anti-AKAP350
staining (A). High levels of GFP-TACC4(247-404) exhibited
aggregate formation that displayed anti-TACC4 staining (B)
but did not target to the centrosome. Endogenous TACC4
and AKAP350 colocalization to the centrosome was
unperturbed. Notably, GFP-TACC4(247-404) did not target
to the spindle apparatus (C).
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AKAP350 did not localize to these aggregates, but AKAP350 staining intensity at
the centros9me was decreased (Figure 158-,;.arrow).. Unlike GFP-TACC4 and
GFP-TACC4(1-380), GFP-TACC4(247-404) never localized to the spindle
apparatus (Figure 15C) in mitotic cells implying that the spindle interacting
domain of TACC4 is present outside of amino acids 24 7 to 404.
Overexpression of GFP-TACC4 and GFP-TACC4(1-380) results in
prometaphase arrest.

When immunostaining of the GFP-TACC4 fusion proteins was performed, we
observed a general increase in the number of transfected mitotic cells. To
quantitate the observed increase, we assessed the cell cycle stage with DAPI
staining of approximately 100 transfected and nontransfected cells from three
separate transfections. Cell cycle status was evaluated for Jurkat cells
transfected with GFP, GFP-TACC4, GFP-TACC4(1-380), and GFP-TACC4(247404 ). The most common mitotic morphology observed, condensed chromatin
and a dissolved nuclear envelope, corresponded to prometaphase. Therefore,
we statistically compared the number of cells present in interphase versus
prometaphase (Figure 16). The number of transfected cells present in
prometaphase was significantly increased for GFP-TACC4 and GFP-TACC4(1380) compared to GFP and GFP-TACC4(247-404). These results suggested a
link between localization of GFP-TACC4 proteins to the spindle apparatus and
prometaphase arrest. Thus, an increased number of prometaphase cells
required over~:xpression of GFP-TAGC4 proteins that contained the region of
TACC4 implicated in spindle appa~atus targeting.

Figure 16. Overexpression of GFP-TA CC4 and GFPTA CC4(1-380) but not GFP-TACC4(247-404) resulted in
an increased percentage of Jurkat cells present at ·
prometaphase. We quantitated the cell cycle stage for
approximately 100 Jurkat cells for three separate
transfections of GFP-TACC4, GFP-TACC4(1-380), GFPTACC4(247-404), and GFP. GFP-TACC4 and GFPTACC4(1-380) transfections resulted in a significant increase
in the number of Jurkat cells in prometaphase compared
with GFP-TACC4(247-404) and GFP (* p<0.001 compared
with GFP transfected cells).
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DISCUSSION
The AKAP350 family of proteins interacts with numerous signaling proteins
from multiple signal transduction pathways. The shortest 3' -splice variant, yotiao
protein, associates with the neuronal NMDA receptor and contains a single
\

.binding site for the R11 subunit of Type II cAMP dependent protein kinase (11, 12).
The other AKAP350 splice variants contain two bindi~g sites for the R11 subunit of
Type II cAMP-dependent protein kinas~ (20-22). In addition, these proteins also
contain bindi_ng regions for phosphatase .1 and protein kinase Nin their yotiao
.

'

',

homology regions, as well as binding regions for protein phosphatase 2a and
protein kinase CE in·their carbox~I term.in_al regions (22, 25). Most recently,
Tasken, et.al. (27) have shown that a central region of AKAP350 interacts with
cAMP-dependent phosphodiesterase 4D3(PDE4D3). Notably, all of the
published AKAP350 interaction partners are enzymatic proteins that regulate
signaling pathways by phosphorylation state changes or changes in second
messenger levels. Utilizing yeast two-hybrid screening with AKAP350A as bait,
we have now identified two AKAP350 interaction partners, TACC3 and TACC4,
that have unknown functions.
The original rabbit clone identified from the AKAP350A screen contained high
homology to the TACC gene family. Thus, we named the putative interacting
clone TACC4. Subsequent cloning of the full-length TACC4 gene indicated that
TACC4 has significant homology with human and murine TACC3. A polyclonal
antibody, NE27, was raised to a 15-mer peptide sequence which is present only
in TACC4 and not in human TACC3. Anti-TACC4 stained the centrosome
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throughout interphase and the spindle apparatus during mitosis in Jurkat cells.
This staining pattern is significantly different from previously published antiTACC3 loca.lization in which TACC3 only stained a diffuse area around the
centrosome during mitosis in Hela cells (50). Anti-TACC4 also did not recognize
a human GFP-TACC3 fusion protein by immunocytochemistry (data not shown).
This distinct staining pattern suggests that TACC4 is a novel gene product.
Nevertheless, we cannot rule out the possibility that TACC4 is a splice variant of
TACC3 with an alternative 5'-start site. Current public database information does
not permit us to identify definitively all of the genomic sequence flanking the
human TACC3 gene.
We have confirmed the observed yeast two-hybrid TACC4 interaction with
AKAP350 by both biochemical and immunocytochemical approaches. First,
using a biochemical GST-TACC4 pull-down assay, we demonstrated that only
GST-TACC4 beads were able to pull down an anti-AKAP350 reactive band.
Second, anti-AKAP350 and anti-TACC4 staining colocalized to the centrosome in
interphase Jurkat cells. These results support the yeast two-hybrid interaction
findings that TACC4 interacts with AKAP350. Further, yeast two-hybrid binary
assays revealed that the only mammalian TACC family members that can
interact with AKAP350 are TACC3 and TACC4. Binary assays also
demonstrated that TACC4 interacts with AKAP350A and AKAP350B, but not
AKAP350C. Truncations of AKAP350 localize the TACC4 binding domain of
AKAP350 to 31 amino acids from 3488 to 3520 present in the carboxyl ends of
both AKAP350A and AKAP350B.
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Our data suggest that AKAP350 interaction with TACC4 is necessary for
localization of TACC4 to the centrosome in interphase Jurkat cells.
lmmunocytochemistry with anti-AKAP350·and anti-TACC4 antibodies
demonstrated a cell cycle dependent variation in TACC4 colocalization with
AKAP350. Throughout the cell cycle, AKAP350 remains on the centrosome with
only a slight dispersal onto microtubule spindle fibers during mitosis. In
interphase cells, anti-AKAP350 staining is located on the centrosome. AntiTACC4 staining during interphase is also present at the centrosome suggesting
that AKAP350 may sequester TACC4 to the centrosome in non-mitotic cells.
Once cells enter mitosis, TACC4 loses its association with the centrosome and
translocates to the spindle apparatus where anti-TACC4 staining decorated
spindle strands and accumulated at the spindle poles. Thus, endogenous
staining patterns suggest that TACC4 only interacts with AKAP350 during
interphase.
There are two distinct targeting regions of TACC4. One region is responsible
for AKAP350 binding and sequestration to the centrosome during interphase.
The other region is responsible for TACC4 localization to the spindle apparatus
during mitosis. These two distinct TACC4 regions are deduced frorn our yeast
two-hybrid binaries and GFP-TACC4 expression studies. The TACC4 region
responsible for interaction with AKAP350 requires a domain of TACC4 from
amino acids 24 7 to 404. A requirement for the sub-region from amino acids 380
to 404 is shown by the inability of pAD-TACC4(1-380) to interact with p8DAKAP350A and the loss of AKAP350 colocalization and centrosome targeting by
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GFP-TACC4(1-380). Amino terminal truncation of TACC4 defined a second subregion at the beginnfng of the coiled-coil TACC domain between amino acids 24 7
and 284 that is necessary for AKAP350A interaction. A TACC4 construct from
amino acids 247 to 404 maintained interaction_ with AKAP350A. This same
region, TACC4(247~404),
targeted
a GFP fusion p~otE:1in-to
the.centrosome
but
.
.
.
..
·~

'

did not localize to the spindle apparatus during mitosis. Thus, amino acids 24 7
.

'

to 404 of TACC4 are responsible fdr centrosome localization of TACC4: and
contain the AKAP350 r:r,inimal binding domain. However, this domain is not the
region responsible for TACC4 spindle_ localization. Thus, localization ·of TACC4_
to the centrosome, but not the spindle apparatus, requires interaction with

AKAP350A.
TACC4 localization to the spindle apparatus during mitosis requires a distinct
region in the amino terminus of the protein. GFP-TACC4 overexpression
recapitulated the observed anti-TACC4 staining by localizing to the spindle
apparatus in mitotic pells. However, while carboxyl truncation of amino acids 380
to 454 of TACC4 in GFP-TACC4(1-380) resulted in a loss of interphase
centrosomal localization, GFP-TACC4(1-380) still targeted to the spindle
apparatus in mitotic cells. These results along with the observation that GFPTACC4(247-404) did not localize to the spindle apparatus indicate that th~ region
of T ACC4 necessary for TACC4 spindle localization is contained in the amino
end of the protein between amino acids 1 and 24 7. Notably, overexpression of
GFP-TACC4 constructs with the ability to localize to the spindle apparatus also
resulted in an increase in the number of cells present in prometaphase. By
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contrast, overexpression of GFP-TACC4(24 7-404) did not result in increased
numbers of prometaphase cells. Thus, the AKAP350 minimal binding region of
TACC4 retains neither the region necessary for spindle localization, nor the
, ability to elicit prometaphase arrest.
The explanation for why overexpression of the spindle interaction region of
TACC4 causes an increase in the number of prometaphase cells is not
immediately apparent. The most likely possibility is that TACC4 overexpression
perturbs spindle structure resulting in an activation of the spindle checkpoint an.~
arrest of the dividing cell at prometaphase [reviewed in (51, 52)]. Alternatively,
TACC4 may be a protein member of the spindle·checkpoint machinery.
Overexpression of TACC4 would then· resul·t in perturbation of the checkpoint
machinery dynamics causing an increase in prometaphase cells. In either case,
the observed prometaphase arrest suggests that TACC4's interaction with the
spindle apparatus is of importance_ to: normal spindle function.
The dynamics of TACC4's interaction with the spindle apparatus remain to be
elucidated, but recent studies of the Drosophila TACC h,omologue, D-TACC,
suggest it may interact with a conserved microtubule associated prot~in (MAP)_
family important in microtubule dynamics (53, 54 ). D-TACC was initially
identified· by copurification with microtubules in a microtubule spin-down
experiment using Drosophila embryo extracts (48). D~TACC contains a carboxyl
coiled-coil TACC domain homologous to mammalian TACC family members.
Overexpression of this TACC domain formed aggregates in Hela cells
sug~esting a conserved function of the TACC domain in TACC proteins (50). d-
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tacc mutants displayed abnormally short spindle microtubules and eventually
died due to chromosomal segregation defects.
Recent work by the same group (54) and Cullen and colleagues (53) have
implicated interaction of D-TACC with Msps, a Drosophila member of the
mammalian XMAP215/ch-TOG microtubule associated protein family.
Vertebrate members of this MAP family stabilize microtubules and antagonize the
kinesin XKCM1 in controlling plus end microtubule dynamics in vitro (55).
Defective tripolar meiotic acentrosomal spindles were formed in both dtacc and

msps mutants (53). D-TACC and Ned, a minus end-directed microtubule motor,
were involved in efficient localization of Msps to acentrosomal meiotic spindle
poles. Similarly, Msps colocalized with D-TACC at mitotic spindle poles in

Drosophila embryos and localized to overexpressed D-TACC TACC domain
aggregates (54).
The ability of these two Drosophila proteins to interact appears to be
conserved in human homologues TACC3 and ch-TOG: overexpressed TACC3
aggregates concentrated ch-TOG (54 ). The ch-TOG gene product, TOGp,
localizes to perinuclear cytoplasm in interphase and to the spindle apparatus with
concentration at the-spindle poles during mitosis (56). It seems plausible that
TOGp or a protein complex. that contains: TOGp may be -re_spon_sible for TACC4
localization to the spindle apparatus in a similar manner to that seen in

Drosophilawith D-TACC and Msps.
A remaining question of whether unknown or known AKAP350 interaction
partners play a functional role in TACC4 ·binding to AKAP350 remains to be
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determined. Tasken and colleagues (27) have recently reported that AKAP350
has the ability ·to form functional regulatory complexes with known binding
proteins. Targeting of the R11 subunit to AKAP350 spatially localizes protein
kinase A to the centrosome region while temporal' control is exerted in the same
anchored region by phosphodiesterase 4D3 degradation of cAMP. Therefore, it
is reasonable to hypothesize that a similar complex may exist between TACC4
and other AKAP350 regulatory interacting proteins. The existence of such an
AKAP350 signaling complex would provide a plausible explanation for the
observed cell cycle-dependent translocation of TACC4. Similar functional
translocation is seen in many proteins, in particular protein kinases [reviewed in
(29, 57)]. Cell cycle- and phosphorylation-dependent translocation is seen with
Cyclin B-p34cdc2 kinase (CDK1) activation. During G2 phase of the cell cycle,
CDK1 is held in an inactive state by phosphorylation at residues Thr14 and Tyr15
by WEE1 and MYT1 (58). In late G2 phase or mitotic prophase, phosphatase
CDC25C dephosphorylates and activates CDK1 resulting in the translocation of
CDK1 to the nucleus, an event that is required for cell cycle progression (59, 60).
Recent work by Carlson and colleagues (61) has shown a cell cycle
phosphorylation-dependent interaction between Rua and AKAP350. CDK1 is
localized to the centrosome at the beginning of mitosis and phosphorylates Rlla
on Thr54 (62). This phosphorylation by CDK1 results in dissociation of Rlla from
AKAP350. A similar event in which TACC4 is phosphorylated or
dephosphorylated could explain redistribution of TACC4 from AKAP350
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centrosomal sequestration to the spindle apparatus. A responsible kinase or
phosphatase remains to be determined.
In summary, we have identified a novel TACC family member, TACC4, which
interacts with AKAP350 at the centrosome in interphase cells.and the spindle
apparatus in mitotic cells. We propose that AKAP350 is responsible for
sequestering TACC4 to the centrosome in non-dividing cells. AKAP350
anchoring of TACC4 provides for a spatial localization of TACC4 and functional
modulation of its inte~action with the spindle apparatus during mitosis.
AKAP350's numerous interacting partners suggest that the centrosomal
AKAP350 complex may play a role in activation and subsequent translocation of
TACC4 to the spindle.
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CHAPTER2
Overexpression of TACC4, a Novel Mammalian TACC3 protein, Prolongs
Spindle Checkpoint Activation and Disrupts Human TACC3 and ch-TOG
Spindle Distribution

Abstract
.

.

.

.

The TACC family· of proteins is ·critical for.spindle .integrity and microtubule
dynamics. Recently, we identified a.novel TACC family member, rabbit TACC4,
by its interaction with the centrosome· A-kinase anchoring protein, AKAP350.
Rabbit TACC4. contains highest homology with human TACC3, and both proteins
interact with AKAP350 by yeast two-hybrid
binary
assays. ·overexpressed GFP.
.
TACC4 targeted to the centrosome and spindle apparatus. Spindle targeting by
GFP-TACC4 increased the number of prometaphase cells .. In this study, we
suggest that GFP-TACC4 expression prolongs activation of the spindle
checkpoint. In GFP-TACC4 transfected Hela cells, immunostaining identified
multiple Mad2-positive kinetochores indicating an active spindle checkpoint.
Expression of GFP-TACC4 in Jurkat cells reduced spindle localization of TACC3
and human XMAP215 family member,. ch-TOG. We propose that GFP-TACC4
expression acts in a dominant manner to displace TACC3 from the spindle and
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interrupt ch-TOG interaction to the spindle. As a result, GFP-TACC4 expression
alters the integrity of the spindle and/or spindle checkpoint machinery to delay
1

cell cycle progression. Furthermore, we provide additional evidence that
additional human TACC3 members may exist.
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INTRODUCTION
In proliferating cells, the cell cycle culminates in equal distribution of a cell's
replicated genetic material between two daughter cells by the process of mitosis .
.;·

.·

Accurate segregation of sis.tar chro.matids re·quires several cellular components
collectively ·referred to as the mitotic apparatus (63). These structures include
the spindle apparatus, centrosom.es, kinetochores, and chromosomes. · Each
component of the mitotic apparatus is ·highly regulated by complex protein
interactions. One ·par:ticular class of proteins, the tubulins,.form a common
•

.

,I,

:·

structural backbone of the mitotic apparatus known as the microtubule (64 ).
Microtubules arise by GTP-dependent polymerization of a~ tubulin
heterodimers and, together with actin filaments and intermediate filaments,
organize the shape and structure of the cytoplasm [reviewed in (65)]. In vitro,
microtubules display dynamic instability in which both ends stochastically
interconvert between growing and shrinking states (66). In vivo, microtubules
have slow-growing minus ends embedded within the centrosome and rapidgrowing plus ends emanating throughout the cytoplasm. Centrosomes organize
the microtubule network in interphase cells. As cells approach mitosis, the
centrosomes separate and migrate within the cell to opposing sides where they
form poles of the spindle apparatus. Spindle microtubules then produce an
antiparallel array with their minus ends focused at the spindle poles and their
plus ends projecting towards the chromosomes (67). These plus ends attach
spindle microtubules to the primary constriction (centromere) of duplicated
chromosomes by interaction with a macromolecular protein assembly known as
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the kinetochore (68). Once the microtubule plus ends emanating from opposing
poles have successfully attached to kinetochores, the duplicated chromosomes
segregate to their future daughter cells by force generated from the spindle
apparatus.
Given that at any moment numerous cells are dividing in the human body, it is
not surprising-that fidelity of the mitotic process is highly controlled by association
of multiple regulatory and structural proteins (63). For example, more than
twenty proteins assemble on the chromosomal centromere to form a kinetochore
(69). This complex includes the MAD and ~UB family of proteins that monitor the
spindle attachment checkpoint (51 ). The spindle checkpoint ensures that
anaphase does not occur until all chromosome kinetochores have attached to
microtubule plus ends in a bipolar fashion.
Microtubules themselves have many associated regulatory proteins known as
MAPs (65). Transition from interphase to mitosis radically changes microtubule
turnover with a marked decrease in microtubule half-life. Driven by dynamic
instability, spindle microtubules rapidly probe the cytoplasm for their
chromosome targets in a 'search and capture' mechanism (70). The mitotic
change in microtubule dynamics can be accounted for by MAPs, such as
XMAP215 and XKCM 1, that modulate the inherent ki.netics of microtubule
polymerization (71 ).
Centrosomes are composed of two microtubule-based centrioles surrounded
by a protein-rich pericentriolar matrix called the PCM (72). The PCM is the site
of multiple proteins important for centrosome regulation and spindle integrity as
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well as microtubule formation. Centrosomes duplicate in the cell cycle S phase
and are subjected to regulatory mechan_isms similar to chromosomes (73).
Another tubulin protein, y-tubulin, interacts with a complex of proteins to nucleate
microtubules from the PCM (74).
The present study focuses on the novel TACC family of proteins which
uniquely interface with three of the described mitotic components: the
centrosome, the spindle apparatus, and the kinetochore/plus end MT interaction.
The Transforming Acidic Coiled-Coil (TACC) protein family is a family of
centrosome coiled-coil proteins implicated in cellular growth regulation,
microtubule dynamics, embryogenesis, and gene regulation (Table 1). Ivan Still

et al. first identified TACCs by the ability of human TACC1 to transform murine
fibroblasts in vitro and from their signature motif, a carboxyl coiled-coil TACC
domain (47, 50). TACC proteins use this domain to interact with the centrosome
(24, 50). For one mammalian TACq. protein·; rabbit TACC4, and possibly
.

.

.

. another, human TAC.C3, targeting to the centrosome ·occur~ ·via interaction with
the A-kinase anchoring protein, AKAP350 (24 ).
'

-

.

.

.

.

'

.

'

.

.

'

The function of TACC proteins appears to be most critical for spindle
microtubule integrity. Null mutation or antibody disruption of the Drosophila
TACC protein, b-TACC, results in ab~ormally short spindle microtubules, nuclear
migration defects, and chromosome missegregation (48). Furthermore, D-TACC
regulates- spindle microtubule organization by interacting with Msps (53, 54 ).
Msps and ch-TOG are members of the XMAP215 MAP family that plays a critical
role in plus end microtubule dynamics (66). The D-TACC/Msps interaction

Table 1: TACC Protein Family Functions
•

GROWTH REGULATION
AZU-1/TACC2 is a candidate breast tumor suppressor (45)
TACC1 ,2,3 genes localize to cancer amplicons (44)
ERIC-1/TACC3 & EC-TACC/TACC2 are induced by erythropoietin (79, 46)
TACC1 shows altered splicing in gastric cancer (118, ·1. 19)
TACC1 is down-regulated in 30% examined breast carcinomas (120)
TACC1 interacts with GAS41/Nu8I1 oncogenic transcription factor by Y2H screen (75)
TACC3 exhibits a 5-fold increase in proliferating osteoblasts by cDNA array (117)
Jrk-1/TACC3 is down-regulated in activated T-cells

•

MICROTUBULE DYNAMICS
TACC4/TACC3 localizes to the centrosome with AKAP350 and spindle (24)
D-TACC colocalizes with MT dependent PCM 'flares'
TACC1 interacts with MAP protein ch-TOG by Y2H screen-(75)
D-TACC interacts with Aurora A (161)
D-TACC interacts with Msps to regulate MT behavior (53,54)
TACC3/ch-TOG organizes spindle poles (74)
D-TACC is required for normal spindle function (48)
TACC domain localizes to centrosome (50)

•

EMBRYOGENESIS

•

GENE REGULATION

TAcc3·1- is embryonic lethal ·
Aint/TACC3 exhibit high expression in mouse embryogenesis (80,44)

TACC1 interacts with mRNA processing proteins LSM7 & SmG by Y2H screen
Xenopus Maskin bridges eIF-4E & CPEB in translation inhibition
Aint/TACC3 interacts with ARNT transcripti~n factor (49)
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appears to be conserved in higher mammals as evident by ch-TOG interaction
with TACC3 (50, 75) and TACC1 (76}. siRNA-mediated knockdown of human
TACC3 or ch-TOG impairs spindle organization resulting in chromosomal
missegregation, multinucleated daughter cells, and delayed cell cycle
j

progression (75). Interestingly, in ·previous work, vye have shown that
overexpression of a GFP-TACC4 fusion protein also delays cell cycle
progression (24 ). Taken together, we postulate that alterations in TACC protein
expression negatively affect spindle integrity leading to delayed cell cycle
progression due to prolonged spindle checkpoint activation.
In this report, we utilized molecular details of the MAD/BUB machinery to
asses the activity of the spindle checkpoint with GFP-TACC4 overexpression.
Specifically, we observed multiple unattached MAD2-positive kinetochores in
GFP-TACC4 expressing Hela cells .. lmmunocytochemistry revealed a marked
decrease in both human TACC3 and ch-TOG protein levels on the spindle
apparatus in GFP-TACC4 Jurkat cells. Together, these results suggest GFPTACC4 disrupted ch-TOG/TACC3 spindle interaction to mediate prolonged
spindle checkpoint activation. Furthermore,, we have reexamined whether
TACC4 represents a novel mammalian TACC species or a rabbit homolog of
human TACC3. An _anti-rabbit TACC4 specific antibody exhibited different
staining patterns from anti-human TACC3 antibodies suggesting additional
TACC3 splice variants containing different antibody epitopes.
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MATERIALS AND METHODS
Antibodies, Plasmids, Reagents.
The following antibodies were used in this work: Mad2 (Babco/COVANCE),
CENP-C (clone C-19; Santa Cruz Biotechnology, Inc.), a-tubulin (Sigma-Aldrich),
human TACC3 (clone D-17 and T-17; Santa Cruz Biotechnology, Inc.), rabbit
TACC4 [described previously (24)], AKAP350 [14G2, described previously (20)]
and ch-TOG (a gift from Dr. D. Compton, Dartmouth Medical School, Hanover,
NH). pEGFP-C1 vector was purchased from Clontech. Species-specific Cy3and Cy5-conjugated secondary antibodies were purchased from Jackson
lmmunoResearch Labs (West Grove, PA). Prolong Antifade, 4' ,6-diamidino-2phenylindole (DAPI), and species specific Alexa 488-conjugated secondary
antibodies were purchased from Molecular Probes, Inc. (Eugene, OR).
Constructs.
GFP-TACC4 construction was described previously (24 ). TACC3 cDNA
(coding from amino acids 1 to 839) was cloned into pEGFP-C1 utilizing Sa/ I
(sense primer, ACGCGTCGACATGAGTCTGCAGGTCTTAAACGA; antisense
primer, ACGCGTCGACTCGTTCTCTTTAGTCTTCTG).
Culture and Transfection of Cells.
The Jurkat T cell line (a gift from Dr. M. lwashima, Medical College of
Georgia, Augusta, GA) was cultured in RPMI medium supplemented with 5%
FCS, 2 mM L-glutamine, 100 U/ml penicillin, and 100 µg/ml streptomycin.
Transient transfection was carried out by electroporation as described previously
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(24 ). Cells were then transferred into 5 ml of RPMI medium supplemented with
10% FCS and cultured for 30 h before pelleting onto glass slides using a CytoSpin (Clay-Adams). Jurkat cells were fixed and permeabilized by three different
methods: 4% paraformaldehyde for 10 minutes at room temperature (referred to
as PFA); 4% paraformaldehyde, 0.1% Triton X-100, 80mM PIPES, 1mM EGTA,
1mM MgSO4, 30% glycerol at room temperature for 10 minutes (referred to as
PFA-MT); or 1% Triton X-100, 45 mM Pipes, 45 mM Hepes, pH 6.9, 10 mM
EGTA, 5 mM MgCI2, 0.5 mM AEBSF for 60 s at 4 °C followed by fixation in 20 °C methanol for 6 min (referred to as MeOH-MT). Hela cells were transiently
transfected in suspension utilizing Effectene transfection reagent (Qiagen). 30
hours post-transfection, Hela cells were fixed in 4% paraformaldehyde for 20
minutes at room temperature.
lmmunof/uorescence.
lmmunofluorescence utilized the following blocking solution: 1% milk, 0.3%
Triton X-100, 667 mM NaCl, 0.02 M sodium phosphate pH 7.4. Fixed GFPTACC4 transfected Hela cells were washed in PBS, then blocked and
permeabilized in blocking sqlution for 20 minutes at room temperature. Cells
were incubated with rabbit anti-MAD2 (1 :200) and mouse anti-CENP-C (1:100)
for 2 hours at room temperature in blocking solution. Cells were washed 3 times
for 10 minutes in PBS and then incubated with Cy3-labeled anti-rabbit lgG
(1 :200) and Cy5-labeled anti-mouse lgG (1 :200) for 1 hour. Cells were washed 2
times in PBS, 1 time in 50 mM sodium phosphate, pH 7.4, and 1 time with 0.5 µM
DAPI in 50 mM sodium phosphate for 5 minutes. Finally, cells were mounted

82
with Prolong Anti-fade and imaged with -a Zeiss LSM-51 O Meta confocal
fluorescence microscope (Vanderbilt University Medical Center Imaging Core).
lmmunofluorescence of Jurkat cells was performed as described _previously
(24 ). Briefly, 5 x 104 cells were spun down onto a Cytoslide (Shandon) using a
Cyto-Spin apparatus (Shandon). Cells were washed, fixed, incubated with
primary antibody, washed, incubated with secondary antibody, washed, and
mounted using the same time periods and solutions as described above. The
following primary antibodies were used: mouse anti-AKAP350 (14G2, 1:90),
rabbit anti-ch-TOG (1 :700), mouse anti-a-tubulin (1 :350), goat anti-TACC3 (D-17,
T-17; 1:25), rabbit anti-TACC4 (NE27, 1:150). The following secondary
antibodies were used: Alexa 488-labeled anti-rabbit, goat, or mouse lgG (1 :400);
Cy3-labeled anti-rabbit, goat, or mouse lgG (1:100 ); and/or Cy5-labeled antirabbit, goat, or mouse lgG (1:100). Cells were imaged with a Zeiss LSM-510
Meta confocal fluorescence microscope or a Zeiss Axiophot (provided by R.
Coffey, Vanderbilt University, Nashville, TN).
Mammalian TACC3 alignment.
The following accession numbers for mammalian TACC3 proteins were used:
hTACC3 (NM_006342), mERIC-1 (AF247674), mTACC3a (AF203445),
mTACC3b (AF203446), rTACC4 (AF372837), and hERIC-1s (J:\F479620).
Multiprotein alignments were performed by MultiAlin and Lasergene Megalign
software.

83

RESULTS
GFP-TACC4 Expression Results in Mad2 Kinetochore Localization.

The presence of at least one Mad2-positive kinetochore is indicative of an
active spindle checkpoint (77). P.rolonged act_ivation of the_spindle checkpoint
could explain the in.creased number of prometa.phase cells observed with GFPTACC4 expression in Jurkat cells (24)., To address this possibility, Hela cells
were transiently transfected with GFP-TACC4. Thirty ~ours post-transfecti~n, the
Hela cells were .fixed and subjected to inimunofluorescence with anti-Mad2 (78)
and anti-CENP-C(79), a resident kine_tochore. protein. C_ENP-C immunostaining
in Hela produced a much cleaner kinetochore pattern than in Jurkat cells. Our
immunofluorescence identified Mad2 on two of thirty CENP-C identified
kinetochores in mitotic GFP-TACC4 Hela cells (Figure 17) indicating an active
spindle checkpoint.
ch-TOG expression is altered in GFP-TACC4 Jurkat cells.

A recent report on human TACC3 and ch-TOG revealed that decreasing
expression of ch-TOG or TACC3 by small interfering RNAs (siRNA) delays cell
cycle progression and alters spindle integrity (75). Therefore, we addressed
changes in ch-TO~ and TACC3 distribution in GFP-TACC4 overexpressing
Jurkat cells by immunocytochemistry. _In non-transfected Jurkat cells, ch-TOG
colocalizes with AKAP350 at interphase centrosomes (Figure 18A) and with atubul in at mitotic spindles (Figure 18B). Figure 19 shows a field of two
prometaphase Jurkat cells, one cell transfected with _GFP-TACC4 (upper) and
one nontransfected cell (lower). The upper GFP-TAC~4 cell displays a marked

Figure 17. GFP-TACC4 expressing HeLa cells display_
Mad2 positive kinetochores. HeLa cells were transiently
transfected with GFP-TACC4 for 30 hours, fixed, and stained
with anti-Mad2 (2° Cy3-anti-rabbit) and anti-CENP-C (1'
Cy5-anti-mouse). Using confocal microscopy, Z-section
stacks of mitotic GFP-TACC4 HeLa cells (n=3) were
obtained and analyzed for colocalization of Mad2 with
kinetochores (marked by CENP-C staining). Two Z-slices
from the same cell display colocalization of Mad2 and
CENP-C at two kinetochores (arrows).

Figure 18. , ch-TOG localizes to interphase centrosomes
and mitotic spindles in Jurkat cells. Jurkat cells were
fixed and stained with anti-AKAP350 (2° Cy3-anti-mouse),
anti-ch-TOG (2° Alexa488-anti-rabbit), and OAP/ (DNA
marker). Anti-ch-TOG colocalizes with anti-AKAP350 at
interphase centrosomes (A). In mitotic cells, anti-ch-TOG
distributes to·the spindle apparatus and co/ocalizes with a. tubulin (B).

<C

Figure 19. GFP-TACC4 displaces ch-TOG from the
spindle apparatus. 30 hours.following transfection, GFPTACC4 transfected Jurkat cells were fixed and stained with
anti-ch-TOG (2° Cy3-anti-rabbit), anti-a-tubulin (2° Cy5-antimouse), and OAP/ (DNA marker). In this field, two
prometaphase cells are shown, a GFP-TACC4 transfected
cell (upper) and a non-transfected cell (lower). In the GFPTA CC4 expressing Jurkat cell, anti-ch-TOG staining is
markedly dispersed from the spindle- apparatus compared to
the non-transfected cell.
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redistribution of ch-TOG immunoreactivity compared with the nontransfected cell.
Comparison of a-tubulin staining reveals that the spindle of the GFP-TACC4
transfected cell is disorganized. Of note, GFP-TACC4 cytoplasmic
accumulations aggregate ch-TOG reactivity in a manner similar to that previously
reported for GFP-TACC3 accumulations (50).
Human TACC3 expression is altered in GFP-TACC4 overexpressing Jurkat
cells.

We addressed TACC3 distribution in GFP-TACC4 transfected Jurkat cells
using two human anti-TACC3 antibodies (D-17, T-17) raised against peptide
epitopes within the first 100 amino acids of TACC3. Of note, this region does not
contain homology with rabbit TACC4 (24 ). Both antibodies exhibited the same
staining distribution, so we used them in combination (referred to as DT-17). In
wild-type Jurkat cells, human TACC3 colocalized with y-tubulin at interphase
centrosomes (Figure 20A) and with a-tubulin on mitotic spindles (Figure 208). In
a manner similar to ch-TOG, TACC3 immunoreactivity markedly decreased with
expression of GFP-TACC4 in Jurkat cells (Figure 21, compare non-transfected
upper cell with two lower GFP-TACC4 transfec~ed cells).
Mammalian TACC3 family.

GFP-TACC4-mediated alterations in ch-TOG and TACC3 spindle distribution
warranted a careful analysi's of rabbit TACC4 and the mammalian TACC3
proteins. Currently, the Genbank contains six different mammalian TACC3 genes
including two human splice variants (hTACC3, hERIC-1s), three mouse splice
variants (mTACC3a, mTACC3b, mERIC-1), and one rabbit transcript (rTACC4).

Figure 20. TACC3 loca/izes to interphase.centrosomes
and mitotic spindles in Jurkat cells. Jurkat cells were ·
fixed and stained with anti-TACC3 (DT-17, ~ Alexa488-antigoat), anti-a-tubulin (2° Cy3-anti-mouse), anti-y-tubulir, (2°
Cy3-anti-rabbit) and OAP/ (DNA marker). TACC3 localizes
with a-tubulin at interphase centrosomes (A) and mitotic
spindles (BJ.

A

B

Figure 21. GFP,;,TACC4 displaces TACC3 from the
spindle apparatus. GFP-TACC4 transfected Jurkat cells
were fixed and stained with anti-TACC3 (2° Cy3-anti-goat)
and OAP/ (DNA marker). In this field, three dividing Jurkat
cells are shown, two GFP-TACC4 transfected cells below
and one non-transfected cell above. - In the GFP-TACC4
expressing Jurkat cells, anti-TACC3 staining is markedly
decreased on the spindle apparatus compared to the nontransfected cell.
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Protein alignment of the entire family identified two main regions of homology,
the first 100 amino acids and the carboxyl TACC domain (Figure 22). hERIC-1s
)

codes for a short human TACC3 gene. that lacks the predicted coiled-coil TACC
domain in the carboxyl terminus (80). The shortest murine TACC3 gene,
mTACC3b, lacks exon 4 (coding for amino acid 105 to amino acid 308) of the
largest murine gene, mTACC3a (81 ). mERIC-1 lacks a region of mTACC3a from
amino acid 222 to amino acid 296 (80). Alignment of all TACC3 family members
produces a consensus sequence that predicts higher amino terminal similarity
between rabbit TACC4 and human TACC3 than an alignment of just the two
proteins (Figure 23, identical residues shaded yellow). In fact, rabbit TACC4 and
human TACC3 only share 38% total identity with 81 % identity focused in the
TACC domain (24).
TACC4 distribution varies from TACC3 in wild-type Jurkat cells.

We previously developed a polyclonal antibody (N E27) specific for a unique
rabbit TACC4 pep~ide (Figure 23, blue.box). N~27 distributed to interphase
centrosomes and ·mitotic•spindles in Jurkat cells (24). In the only report of human
TACC3 distribution at that time, TACC3 localized to the centrosome only
transiently during mitosis in Hela cells (50). As indicated by the gree.n box in
Figure 23, this antibody (referred to as·anti~TACC3A73-265. for clarity) was raised
against amino acids 73 to 265 of TACC3 .. Pue in part to these differences in
distribution, we proposed thatNE27 may recogn\ze a novel TACC protein in
Jurkat cells (24 >~ As shown in Figure 20, immunostaining of Jurkat cells with
newly available commercial anti-human TACC3 antibodies (DT-17) indicates a_

Figure 22. Mammalian TACC3 Family. The mammalian
TAGG3 members include two human variants (hTAGG3,
hERIG-1s), three murine variants (mTAGG3a, mTAGG3b,
mERIG-1), and one rabbit variant (rTAGG4). The proteins
exhibit highest homology in the carboxyl terminal 200 amino
acid coiled-coil TAGG domain and in the amino terminal 100
amino acids.
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Figure 23. Alignment of human TACC3 and rabbit
TACC4. A Clustal alignment of human TACC3 and rabbit
TA CC4 is shown with identical residues shaded in- yellow.
The proteins share the most homology in the carboxyl
terminus. The regions used to produce the following three
antibodies are outlined: anti-TACC4 (NE27) in blue, antiTACC3 (DT-17) in red, and anti-TACC3A73-265 in green.
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TACC3 distribution that is not-as limited as initially reported. Furthermore, DT-17
staining distributes to interphase centrosomes and mitotic spindles in HeLa cells
suggesting these distribution differences are not due to cell type (data not
shown). The TA~C3 amino acid region used for DT-17 production (Figure 23,
red box) only overlaps 27 amino acids of the r~gion used to produce antiTACC3A73-265. To gain a better understanding of these antibody differences,
we revisited the question of whether NE27 is recognizing a novel TACC protein.
Unfortunately, we were unable to obtain anti-TACC3A73-2_65. Therefore, we
performed immunocytochemical comparisons between NE27 and DT-17.
Due to antibody species differences, rabbit for NE27 and goat for DT-17, we
were able to compare anti-TACC4 and anti-TACC3 distribution in the same
Jurkat cells. Dual staining of Jurkat cells with NE27 and DT-17 identified subtle
differences in interphase centrosome staining (Figure 24A). lmmunolocalization
differences were more pronounced in mitotic Jurkat cells. NE27 distributed to a
more central region of the spindle poles, while DT-17 localized peripherally on
spindle microtubule fibers (Figure 248). These differences in spindle distribution
were seen more clearly with a MeOH-MT fixation that preserves microtubule
structures (Figure 24C).
Anti-TACC4 (NE27) does not recognize expression of an anti-TACC3 (DT17) reactive GFP-TA CC3 protein in Jurkat cells.

To address the possibility that DT-17 and NE27 recognize the same protein,·
we expressed full-length GFP-TACC4 and full-length GFP-TACC3 in Jurkat cells.
Similar to GFP-TACC4, GFP-TACC3 distributes to the centrosome in interphase

Figure 24. TACC4 distribution varies from TACC3 as
measured by immunocytochemistry. Wild-type Jurkat
cells were fixed and stained with anti-TACC4 (NE27, ~
Alexa488-anti-rabbit), anti-TACC3 (DT-17, ~ Cy3-anti-goat),
and anti-a-tubulin (~ Cy5-anti-mouse), and DAPI (DNA
marker). Anti-TACC3 and anti-TACC4 show variable
staining patterns in interphase cells (A), mitotic cells (B), and
MeOH-MT-fixed mitotic cells.
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(Figure 25A) and the spindle apparatus in mitosis (Figure 258,C). As expected,
DT-17 recognized GFP-TACC3 resulting in more intense staining of GFP-TACC3
transfected cells (Figure 25, compare columns 2 & 3). Unlike DT-17, NE27 did
not react with GFP-TACC3 (Figure 25, compare columns 1 & 2). Taken together,
these results suggest NE27 does not recognize human TACC3.
Anti-TACC3 (DT-17) does not recognize expression of an anti-TACC4
(NE27)-reactive GFP-TACC4 protein in Jurkat cells.
We repeated our analysis of GFP-:TACC4's distribution to interphase
centrosomes (Figure 26A) and mitotic spindles [Figure 268 and (24 )], and
compared staining patterns obtained with anti-TACC4 (NE27) and anti-TACC3
(DT-17). DT-17 and NE27 distribution in interphase GFP-TACC4 Jurkat cells
varied slightly, with better recognition of GFP-!ACC4 b~ NE27 at the centrosome
and on GFP-TACC4 aggregates (Figure 26A). In mitotic. Jurkat cells, NE27 but
not DT-17 clearly recognized GFP-TACC4 on the spindle apparatus (Figure
268). Again, DT-17 staining of the spindle apparatus was drama~ically
decreased in mitotic GFP-TACC4 transfected Jurkat cells, as.shown before in
Figure 21.

DISCUSSION
,n our initial rabbit TACC4 characterization, expression of the full-length
protein, GFP-TACC4, increased the number of prometaphase Jurkat cells,
suggesting a cell cycle progression delay (24 ). Similar increases were seen with
another fusion, GFP-TACC4 (1-380), but not with expression of GFP-TACC4

Figure 25. Anti-TACC4 does not recognize GFP-TACC3
in Jurkat cells. Wild type Jurkat cells were transfected with
GFP-TACC3. Thirty hours post-transfection, GFP-TACC3
cells were fixed and stained.with anti-TACC4 (NE27; z; Cy3anti-rabbit), anti-TACC3 (DT-17, ~ Cy5-anti-goat), and DAPI
(DNA marker). GFP-TACC3 localized to interphase
centrosomes and display increased TACC3 reactivity (A).
GFP-TACC3 localized to spindles in dividing Jurkat cells and
displayed increased TACC3 reactivity (B,C). However, in all
three GFP-TACC3 Jurkat cells, anti-TACC4 does not display
increased intensity.
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Figure 26. Anti-TACC3 does not ~ecognize GFP-TACC4
in Jurkat cells. Wild-type Jurkat cells were transfected with
GFP-TAGG4. Thirty hours post-transfection, GFP-TAGG4
transfected cells were ·fixed and stained with anti-TAGG4
(NE27, ~ Gy5-anti-rabbit), anti-TA~G3 (DT-17, ~ Gy3-antigoat), and DAPI (DNA marker). GFP-TAGG4 localizes to
interphase centrosomes and displays increased TAGG4
immunoreactivity (A). GFP-TAGG4 localizes to spindles in
dividing Jurkat cells and displays in/creased TAGG4
immunoreactivity (BJ. However, in both GFP-TAGG4
expressing Jurkat cells, anti-TAGG$ does not display
increased staining intensity.
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(247-404). GFP-TACC4 (247-404) could not loralizetothe spindle, while both
GFP-TACC4 and GFP-TACC4 (1-380) could. Therefore, GFP-TACC4-mediated
.

I

I

cell cy_cle progression delay was dependent onispindle targeting but not
centrosome targeting. Thus, we postulated that GFP-TACC4's interaction with
I

the spindle apparatus disrupted its integrity re~ulting in prolonged activation of
I

!

the spindle checkpoint and the observed incre~se in prometaphase cells. In this
I

report, we tested for an active spindle checkpoint in GFP-TACC4 expressing
cells.
MAD2, a critical spindle checkpoint protein, lo~alizes to any unattached
i

kinetochore (78). Before microtubule attachment occurs at the kinetochore,
MAD2 and BUB proteins transmit a diffusible /"wait anaphase" signal which
I

prevents the anaphase promoting complex/cyclosome (APC/C)-mediated
!

destruction of cyclin A required for progression to anaphase (82). In normal
I

/

cycling cells, MAD2 exhibits broad nuclear staining in interphase and localizes to
I
.
the kinetochores only briefly in prophase (83). However, unattached
'

kinetochores maintain MAD2 localization for: an extended period of time
indicating an active spindle checkpoint. In ri,ultiple GFP-TACC4 expressing
cells, we observed MAD2 on o~e or more upattached kinetochores suggesting
that GFP-TACC4 prometaphase delay results from a prolonged active spindle
checkpoint.
Previous TACC expression studies hav~ observed similar delays in cell cycle
I

progression. Injection of Drosophila emb')fos with D-TACC antibodies resulted in
I

short spindles and a 2-minute delay in mitotic exit (48). In another study, human
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TACC proteins fused to GFP were transfected Tto synchronized H~La ~ell~ and
fixed 12 to 14 hours later when most of the cells should have been in mItosIs
(50). Although most non-transfected Hela cellt were indeed in mitosis, very few
of the· GFP-TACC transfected cells were. The ~uthors attributed this delay to
I

i
I

indirect perturbation _of cellular processes by T/ACC domain aggregations.
I

/

However, siRNA knockdown expression of TA~C3 by the same authors delayed
i

cell cycle progression in the absence ·of TACC; domain aggregate~ (75). Coupled
•

I
I

-

I

•

with the present study, we assert that the .observed delays in cell cycle
-

.

-

I

.

.·

-.

I

progression can be directly attributeo- to alter~d TACC protein expression.
I

Clues to the mechanism of this cell cycle delay may lie with the recent
'

I

identification of conserved interactions betwe~n ch-TOG/Msps and TACC3/Di

I

TAGC (48, 50, 53, 54, 75, 76). Raff et al. and Ohkura et al. first identified the
I .

I

interface of these two families by demonstrating the interaction of Msps with D1

-

!

TACC in Drosophila (53, 54). In Hela cells, 6verexpressed GFP-TACC3 forms
1
I

.

intracellular polymers that accumulate ch-TOG.
Furthermore, FLAG-TACC3
I
I

I

expression in Hela cells also aggregates ch TOG reactivity suggesting a
1

-

I

I

conserved interaction between human TACC3 and ch-TOG (50). To clarify the

I

.

significance of the TACC3/ch-TOG interactipn, Gergely et al. used siRNA to
I

.

.

knock down expression ·of each protein sin~ly or in combination in Hela cells
I

(75). Knockdown of TACC3, ch-TOG, or b;oth produced significant mitotic ·

I
defects including metaphase plates with lagging chromosomes, multipolar and

.

I

disorganized spindles, and multiple nuclei./ Furthermore, increases in
I

.

prometaphase cells as well as an elevated/ mitotic index were observed,
!

I

I

/
.
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I

suggesting prolonged activation of the spindle checkpoint similar to what we

I

have observed with GFP-TACC4 overexpressioh in Jurkat cells. Using

.

I

,

I

immunocytochemistry, the authors monitored distribution of TACC3 and ch-TOG
I
I

i~ d~ple~ed cells. Interestingly, ~ACC3-deplete/tl cellS ~~pletely abolished
dIstnbutIon of ch-TOG to the spindle apparatu/ but exh1b1ted normal ch-TOG
centrosome localization. On the other hand, d~pletion of ch-TOG cells did not

I
alter TACC3's normal centrosome/spindle distribution. Therefore, we postulated
.

.

-/

,

.

that GFP-TACC4 expression alters the distrib~tion of ch-TOG resulting in
activation of the spindle checkpoint and subsJquent increases in prometaphase

I
I

cells.

I

.

I

In Jurkat cells, anti-ch-TOG staining locali?es to interphase centrosomes and
the mitotic spindle apparatus. By immunocytthemistry, we observed a marked
decrease in ch-TOG distribution to spindles i~ GFP-TACC4 expressing cells.
I
I

I

Furthermore, we also observed a marked deprease in TACC3 spindle
distribution. Takenlogether, these res~lts s~ggeSfthat GFP-TACC4
overexpression displaces TACC3 spindle diJtribution in a dominant negative
fashion leading to altered ch-TOG spindle idealization similar to what was
II

.

I

observed in TACC3-depleted Hela ce_l_ls

(79t
I

How might displacem~nt
of TACC3.and
/ch-TOG function to-activate the
.
.
I
I

•

spindle checkpoint? The mostwell understbod ch-TOG family member is

.

I

XMAP215 [reviewed in (66)]. XMAP215 a~parently antagonizes XKCM1, a
I

kinesin subfamily member, to control the r~te and frequency of microtubule plus
I

i

end growth and shrinkage. As mentioned pefore, the spindle checkpoint
I

. I

.
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I

machinery monitors attachment of the microtub~le plus end to chromosome
I

kinetochores. It seems plausible that TACC3-mediated ch-TOG alterations could
I

I

perturb the microtubul~ plus end interaction wit~ the kinetochore to produce an
active spindle checkpoint. Interestingly, the fis?ion yeast XMAP215 family
member, Alp14, has recently been shown to bJ part of the spindle checkpoint
•

I

machinery (84, 85). Alp14 mutants fail to mai~tain high H 1 kinase· activity under
active checkpoint conditions, a hallmark phenqtype seen with mutations in
spindle checkpoint proteins such as MAD and:'BUB. Of note, GFP-TACC4
I

expression (24) as well as TACC3 and ch-TOG depletion (75) alters the
I
I

I

organization of the spindle apparatus. There~ore, TACC3/ch-TOG perturbation
may indirectly delay inactivation of the checkJoint by altered spindle morphology.
I

Regardless of the mechanism, TACC3 and cb-TOG spindle distribution appears
to be important for normal mitotic progressio~.
The ability of GFP-TACC4 expression to ~lter normal TACC3/ch-TOG
distribution warranted a reanalysis of rabbit TACC4 homology with human
TACC3 .. Rabbit TACC4 shares significant 8~ % identity with human TACC3
I

suggesting that the protein represents a rab bit TACC3 homolog. However, when
1

we first published rabbit TACC4, two facts l~d us to propose that TACC4
.,

I
1

represents a novel mammalian TACC prote in. The most pressing evidence
came from TACC3 antibody distribution diff:erences. At the time of our
publication, only one group had characteri~ed human TACC3 distribution. By
I

immunostaining of Hela
cells
with anti-TACC3~73-265,_Gergely
et al. localized
.
.
l
TACC3 to the centrosome only during mitosis (50). We-produced an antibody to
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I

a peptide within rabbit TACC4 that contained litile homology with human TACC3
i
I

(24 ). lmmunostaining of a human Jurkat cell lirje with anti-TACC4 localized to
I
i

the centrosome in interphase and to the spindle apparatus in mitosis.
,

I

Furthermore, the kn~wn human TACC genes (tACC1, T~CC2_, and TACC3)
map to chromosomal regions in-close proximity to the corresponding fibroblast
I

growth factor receptor gene family member (FGFR1, FGFR2, and FGFR3). A
fourth FGF~ gene, FGFR4, maps to the end o_f chromosome 5 near 5q35.1
suggesting the possibility of a fourth TACC family member (44 )...
Anti-TACC3 antibodies (DT-17) have becqme commercially available only
recently allowing us to compare anti-TACC4 (NE27) distribution directly with antiTACC3 distribution. We also produced a full~length GFP-TACC3 expression
construct. Contrary to results observed for staining with anti-TACC3A73-265,
DT-17 clearly distributes to interphase centrcisomes and mitotic spindles of both
Jurkat cells and Hela cells in a manner very: similar to anti-TACC4. These
I

results called into question our initial postula'tion that NE27 recognized a novel
I

i

human TACC protein. Due to antibody speqies differences (rabbit for NE27 and
goat for DT-17), we could directly compare ~nti-TACC4 and anti-TACC3 staining
I

in Jurkat cells. Indeed, DT-17 distribution d,1ffers from NE27. The differences are
I

subtle at interphase centrosomes but more :apparent in mitotic spindles. AntiTACC4 appears to recognize a protein closely associated with the spindle pole,
while anti-TACC3 recognizes a protein diffusely spread along spindle mi~rotubule
fibers. Furthermore, anti-TACC4 does not:recognize GFP-TACC3 expressed in
Jurkat cells. Likewise, anti-TACC3 does not recognize expressed GFP-TACC4.
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I

Taken together, these results suggest that JT-17 and NE27 identify

I

distinctive proteins with notable differences in Jpindle apparatus distribution,
while anti-TACC3A73-265 recognizes a mitosiJ-specific centrosome protein.
II

Unfortunately, we were unable to obtain anti-TACC3A73-265 for comparison with

I

I

DT-17 and NE27. However, we believe
the otiserved
and reported differences in
.
I
I

DT-17, NE27, and anti-TACC3A73-265 staining patterns may be due to the
I

regions used for antibody production. D-17. a~d
T-17 were produced against two
I
•

I

peptide epitopes within the first on¢ hundred ~mino acids:'of TACC3 (personal
.

.

.

.

I

..

.

...

communication with Santa Cruz Biotech), a r1gion of high homology between all
i

i

mammalian TACC3 members. The region of least homology between
.

.

. l_

.

•

mammalian ·TACC3 members was used to prioduce anti-TACC3A73-265~ The
I

.

I .

.

•

epitope for N E27 is outside of both of these riegio_ns and ·only sh~res 4 identical
I

,:

residues with human TACC3. The po~sibililt exists that DT-17, NE27, and antiTACC3A73-265 recognize different TACC3 ~plice variants or different proteins.
I

1

Thus, the identification of TACC4 and _its pl~ ce in the TACC3 family remains
.

'
I

unclear.

i
I

In summary, we have identified Mad2-pJsitive kinetochores in GFP-TACC4

.

I

.

.

I

expressing cells suggesting an active spind le checkpoint. GFP-TACC4
1

I

expression disrupts TACC3 and ch-TOG interaction with the spindle apparatus.
I

Anti-TACC3 antibodies appear to localize tjifferently than our anti-TACC4
i
antibody. We propose that rabbit TACC4 is a mammalian TACC3 member which
I

may represent an unidentified splice varia~t of the known human TACC3 genes.
I
!

114

ACKNOWLEDGEMENTS
I
I

i

I

We would like to thank Dr. D. Compton for Prroviding anti-ch-TOG, Dr. C.

I

Rieder for helpful discussions about the spindl~ checkpoint, and Dr. R. Coffey for
I
I

use of the Axiophot microscope.

CHAPTER3

:

Expression of the Centrosome-Targeting ;AKAP350 PACT Domain Alters
Centrosome Organization and Transform~ Rat Intestinal Epithelial {RIE-1)
Cells.

Abstract
I

AKAP350 is an A-kinase anchoring protein th~t targets PKA and multiple other
signaling mole~ules to the centrosome and ~olgi apparatus. The PACT domain,
a 116 amino acid sequence in the carboxyl t~rminus of AKAP350, targets
I

I

AKAP350 to the centrosome. We have developed two cell lines expressing
I

GFP-PACT
fusion protein, Jurkat leukemic cells
and Rat
Intestinal Epithelial
•
I
'
I

(RIE-1) cells. In .both cells, GFP-PACT expr~ssion targets to distinct foci in
interphase centrosomes and mitotic spindle ,poles. lnterphase GFP-PACTexpressing Jurkat cells exhibit centrosome 9mplification and fragmentation.
.

I

Mitotic GFP~PACT-expressing
Jurkat cells display
multipolar spindles.
.
!
I

Interestingly, no mitotic defects are opserved with three days of GFP-PACT
expression in RIE-1 cells. However, the morphology of GFP-PACT-expressing
RIE-1 cells differs dramatically from non-e~pressing RIE-1 cells. Visualizing the
microtubule skeleton of GFP-PACT-expressing RIE-1 cells reveals features
associated with cellular transformation including loss of cell-to-cell contact and·
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I
i
I

i

I

formation of cellular extensions. Marker proteirys for the trans-Golgi apparatus
I

I

(giantin) and the centrosome (y-tubulin) appear1 unaltered with GFP-PACT
,·

I

.

expression in RIE-1 cells. Distribution of anotHer centrosome protein, pericentrin,
i

is markedly decreased in interphase GFP-PAQT-expressing RIE-1 cells but is not
changed in mitotic cells. We propose that alte,rations observed with the
I
I

expression of GFP-PACT in RIE-1 and Jurkat /cells implicates AKAP350
i

centrosome targeting in centrosome abnormalities and cellular transformation.
I

Thes~ results may provide the first direct evidence that centrosome function is
I

critical in cellular transformati'on. ·
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INTRODUCTION
Van Beneden and Boveri coined the term c~ntrosome over 100 years ago
when they identified a central, densely staining cellular structure from which
i

fibers emanated (86, 87). The fibers were ider;ttified as microtubules establishing
I

!

the centrosome as the animal cell microtubule,:-organizing center (88). By
electron microscopy, the ultrastructure of the centrosome includes two electron
I

I

I

dense centrioles embedded within a less dense
well-organized lattice known as
I
I

the pericentriolar matrix, PCM (37, 89). The classic function of the centrosome
has been considered to be nucleation and organization of the microtubule array.
When disassembled by nocodazole or other r,eans, microtubules preferentially
nucleate from the centrosome y-tubulin ring ~omplex (y-TuRC). Organization of
the microtubule cytoskeleton is critical for many cellular processes including
1

vesicle trafficking, organelle transport, and e~tablishment of cell polarity. Mitotic
microtubules are critical for bipolar formation of the spindle apparatus (90). Cell
-,

,

I

survival depends on the fidelity of this·microtubule-mediated event. In fact,
!

regulation of centrosome microtubule organ,1zation plays a critical role in mitosis
i
I

to direct spindle polarity, spindle position, ar,d cytokinesis (91 ) ..
I

'

In a manner similar to chromosomal DNA, centrosomes are duplicated once
during S phase of the cell cycle yielding two daughter centrosomes to form the
two poles of the spindle apparatus during mitosis (92). Also similar to DNA
I

replication, duplication of the centrosome appears to be tightly regulated in a cell
I

cycle-dependent manner. Any perturbatioris in the centrosome cycle can lead to
altered spindle bipolarity and chromosomal missegregation. In fact, many human

. i
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I

-

-

I

.

,

tumors .and ·tumor . cell lines display centrosome/ abnormalities .[reviewed in (93)].
These aberrations include centrosome hypertrJphy (94, 95), amplification (96-

.

;

.

.

:.

/ ·

..

.

'

100), and shape alteration (101 ): ·Many tum~rs' also display spindle defects-(101)

I
and genetic instability (102). The correlation of centrosome abnormalities,

I

.

I

.

.

spindle defects, and genetic instability in canc$r has led many to suggest (101)
.

I

I

that centrosome abnormalities may play a rol~ in neoplastic progression.·

I
I

Several centrosome-associated proteins (Table
2) also are altered in the
I
I

development of centrosome alterations in can~cer.
Multiple mitotic kinases including Aurora ~ localize to the centrosome
.

I
I

I

[reviewed in (103)]. Overexpression and mutation studies implicate Aurora A in
I

.

I

chromosomal segregation and cytokinesis (1p3-105). Furthermore, cells stably
I

expressing Aurora A exhibit amplified centro~omes, multiple nyclei, and
!
I

.

.

i

aneuploidy (103, 106-108). Another class off mitotic kinases with implications in
i

centrosome regulation and cancer are the Pplo-like kinases [reviewed in (109)].
Plk1 i,s overexpressed
in primary colorectal 6ancers
(110) and- has been
•
I
I
'~111 ).
i
I

implicated as a cancer progression marker

Many tumor suppressor and oncogenic proteins distribute at least t~ansiently
I
I

to the centrosome [reviewed in (112)]. Besides its well-understood role in the
./

.

'

.

G1/S checkpoint, p53 has also bee~ implicated in centrosome regulation.
Mutations in p53 correlate with centrosom~ amplification in multiple carcinomas
(100, 113, 114). ·Gain-of-function mutation~ as well as p53 loss in cell culture -

I

I

I

generates amplified centro~ome_s and aberrant spindles (115, 116).
.

.

.

.

.

/·

.

.

-:

.

'

.

I

I
I

I

I

I

Table 2: Mammalian Pericentri/o,.lar Matrix Proteins
i

'

I

!

.

•

Centrosome Structure
y-tubulin / y-TuRC
Pericentrin / Kendrin
Dynein, Dynactin
Ninein
AKAP350 / CG-NAP / AKAP450
Centrin
TACC 1, 2, 3

,t

•

,1Tumor Suppressors
p53
pRB
HPV E6, E7
p21
BRCA1
I

• /Centrosome Regulation
•

Cell ·Cycle Regulation
Cdk1
Cdk2
Cyclin A, B, E

, Plk1
Aurora A·
PKARII
NE~/PP1A/C-Nap1
Mps1
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Furthermore, downregulation of centrosome-lodalized p21, a p53 downstream
I

target, induces multiple centrosomes in human icell lines (117).
· Even some centrosome structural proteins have been implicated in
tumorigenesis. Members of the transforming addic coiled-coil (TACC) family of
proteins distribute to the centrosome and spin~le apparatus and have been
implicated in spindle integrity (24, 48, 50). The human TACC genes map to
regions associated with tumorigenesis: TACC1 and TACC2 map to breast cancer
amplicons 8p11 and 10q26, respectively, and TACC3 maps near a multiple
myeloma breakpoint at 4p16 (44 ). Altered TACC protein expression in
proliferating osteoblasts (118), a breast cancer progression cell line (45), gastric
cancer (119, 120), breast cancer (121 ), and in erythropoietin-treated cell lines
(46, 80) suggests that TACCs contribute to cellular proliferation. We previously
have shown that the A-kinase anchoring protein, AKAP350, mediates interaction
of at least one mammalian TACC protein with the centrosome (24).
In this study, we focus attention on the role of AKAP350 at the centrosome.
AKAP350 is a centrosome-associated scaffolding protein with numerous binding
partners. However, the role of AKAP350 in ·centrosome structure and function
remains unclear.. Takahashi et.al. have recently shown that an amino terminal
region of AKAP350 interacts with two members of the y-TuRC suggesting an
AKAP350 role in microtubule nucleation (122). It is known that AKAP350
localizes to the centrosome in part through a specific targeting sequence termed
the PACT domain (23, 28). Here, we stably-express the PACT domain in two
cell lines. In Jurkat cells, expre·ssion of the PACT domain alters centrosome
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structure resulting in numerous centrosome ab~ormalities and other mitotic
defects. Furthermore, we show that PACT do~ain expression alters
I

morphological growth characteristics of a non-transformed rat intestinal epithelial
cell line (RIE-1 ). Taken together, the results of PACT domain expression
implicate AKAP350 in the integrity of centrosom,e structure and cellular
transformation.

MATERIALS AND METHODS

Antibodies, Plasmids, Reagents..
I

The following antibodies were used in this: work: pericentrin
(Babco/COVANCE), y-tubulin (Sigma), a-tubulin (Sigma), AKAP350 [14G2,
described in (20)], and giantir:, (a gift from Dr .. E.K.L. Chan, Scripps. Institute, San
Diego, CA). pTRE2hyg vector was purchased ·from Clontech. Species-specific
Cy3- and Cy5-conjugated secondary antibodies were purchased from Jackson
lmmunoResearch Labs (West Grove, PA). Prolong Antifade, 4' ,6-diamidino-2phenylindole (DAPI), and species specific Alexa 488-conjugated secondary
antibodies were purchased from Molecular Probes, Inc. (Eugene, OR).

Constructs.
pTRE2hygGFP-PACT was constructed as follows: the GFP-C cassette
(AKAP350 amino acids 3308-3424) was cut from its original pEGFP-C2 vector
(23) using Nhel and Sa//. GFP-CNhe/Sa// was ligated into pTRE2hyg cut with
I

Nhel and Sall. pTRE2hygGFP-TACC4 wa.s constructed as follows: the GFP-
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I
I

TACC4 cassette was cut from its original pEGFp-c2 vector (24) using Nhel and
'

I

Xbal. GFP-TACC4Nhe/Xbal was ligated into pTRE2hyg
cut with Nhe/.
I

Production of stable GFP-PACT-expressing:Jurkat and RIE-1 cell lines.

The GFP-PACT-expressing Jurkat cell line was produced as follows. Jurkat
I

cells were transfected as described previously:(24) with a vector containing the
tat-controlled transactivator (tTA) element (a gift from Dr. M. lwashima, Medical
College of Georgia, Augusta, GA). Cells were serially diluted and selected in
5000 µg/ml G418 for three weeks. Positive tTA clones were confirmed by
western blot analysis using anti-VP16 (Clonte'ch 3844-1) and flow cytometric
(HHMI Flow Cytometry Facility, Vanderbilt University) analysis of pTRE2hygGFPTACC4 transient transfection. A single high ~xpression tTA clone was
maintained in 500 µg/mL G4.18 and transfected with pTRE2hygGFP-TACC4.
Cells were serially diluted and selected in 500 µg/mL G418, 800 µg/mL
hygromydn, and 2 µg/mL doxycycline for thr~e weeks. Multiple positive clones
were confirmed by GFP immunofluorescenc~.
The GFP-PACT-expressing RIE-:1 cell line was produced as follows. A RIE-1
tTA-containing cell line (provided by Dr. D. Beauchamp and Dr. D. Dixon) was
.

!

maintained in 250 µg/mL G418 and 2 µg/mL doxycycline. RIE-1 tTA cells were
transfected with pTRE2hygGFP-PACT, serially diluted, and selected with 250
µg/mL G418, 500 µg/mL hygromycin, and

2 µg/mL doxycycline for three weeks.

We confirmed tetracycline-inhibitable expression of GFP-PACT in multiple.clones
by immunofluorescence.

i
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I

I
Culture and Fixation of Cells.

./
I

.

I

The GFP-PACT-expressing Jurkat T cell line was mai~tained in RPMI
.

:.

medium supplemented with 5%

/·.

.

.

..

f CS, 2 mM 1-gh..itamine, 100 U/ml penicillin,
!

100 µg/ml streptomycin, 300 µg/mL hygromycir,, and 500µg/mL G418. For
immunostaining, Jurkat cells were pelleted ont,6 glass slides using a Cyto-Spin
I
I

(Clay-Adams). Jurkat cells were fixed with 4°/~ paraformaldehyde'for 10 minutes
I

at room temperature. The GFP-PACT-expres;sing RIE-1 cell line was maintained
in DMEM, 10% FCS (Hye/one, tetracycline fre_ e ), 2 mM I-glutamine, 100 U/ml
1

I

I
I

penicillin, 100 µg/ml streptomycin, 150 µg/mLJ hygromycin, 250 µg/ml G418, and
I

I

2 µg/mL doxycycline. For immunostaining, G;F P-PACT-expressing RIE-1 cells
I

were fixed with 4% paraformaldehyde for 20 minutes at room temperature.
.

I

lmmunofluorescence.
lmniunofluorescence utilized the following blocking solution: :1 % milk, 0.3%
I

I

Triton
X-100, 667 mM NaCl, 0.02 M sodium I·phosphate pH 7.4. :Fixed GFP.
I

PACT-expressing Jurkat cells or GFP-PACT:-e.xpressing RIE-1 cells were
I

washed in PBS, then blocked and permeabi.iized in blocking solution for 20
i

I

minutes at room temperature. Cells were i1cubated with primary antibody for 2
I

•

I

hours at room temperature in blocking solution. The following primary antibodies
were used: rabbit anti-pericentrin (1 :150), mouse anti-AKAP350 (1 :90), mouse
anti-a-tubulin (1 :350), rabbit anti-giantin (1:i150), mouse anti-y-tubulin (1 :150),

I

and/or rabbit anti-y-tubulin (1 :150). Cells were washed 3 times for 10 minutes in
.

;

PBS and then incubated-wi"th s~condary a')ltibody_ for 1 _ho~r. The following
secondary antibodies were used: Cy3 or Cy5-labeled anti-rabbit lgG (1:100) and
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i
Cy5 or Cy3-labeled anti-mouse lgG (1 :100). clns were washed 2 times in PBS,
.

.

I
. I

.

.

.

1 time in 0.05 M sodium phosphate pH7.4, an11 time with 0.5 µM DAPI in 0.05
I

M sodium phosphate for 5 minutes. Finally, ce,lls were mounted with Prolong
.

•

I

•,

I

Anti-fade and imaged with a Zeiss LSM-510 M~ta confocal fluorescence
'

I

microscope (V~nderbilt University Medical Center Imaging Core.) or a Zeiss
'

.

'

.

.

.

I

Axiophot (provided by R. Coffey, Vanderbilt U~iversity, Nashville, TN) .
. I

Quantification of mitotic defects in GFP-P4CT-expressing Jurkat cells.
'

lnterphase centrosomes and mitotic spindl'es were counted in twenty high
power fields of GFP-PACT-expressing Jurkaticells and twenty high power fields
of tTA-stably transfected Jurkat (?ells (parent 9ell line). lnterphase centrosomes
I

'

i

were categorized as follows: 1 or 2 centrosorpes, >2 centrosomes, or fragmented
I

centrosomes. Mitotic spindles were categori~ed according to their number of
I

poles: bipolar, tripolar, or multipolar. Approximately 300 cells were counted for
I
I

I

each category. The statistical significance of each counted category was
!

determined by Chi square comparison of GFP-PACT-transfected cells versus
I

I
I

tTA-transfected cells. The changes in centr~some number were significant with
I

a p value s 0.05. The changes in spindle nu,mber were significant with a p value

.I

s 0.001. The centrosome categories were ~raphically expressed as the

percentage of cells counted in each categoty to total interphase cells counted to'r
each cell line. Similarly, the spindle categories were graphically expressed as
the percentage of cells counted in each ca~egory to total mitotic cells counted for
i
I

each cell line.

i

.

I

'
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RESULTS
AKAP350 Centrosome and Golgi Targeting. ;
!

In human cell lines, we have observed a variable distribution of AKAP350. In
epithelial cell lines, AKAP350 localizes to both ;the centrosome and Golgi
apparatus (Figure 27). In another cell line, Ju~kat T lymphocytes, AKAP350
predominantly localizes to the centrosome (24 ). Recently, our laboratory (23)
•

I

.

along with another (28) has identified the A10P350 sequences responsible for
Golgi apparatus and centrosome localization. Gillingham et al. identified a region
in the carboxyl end of AKAP350 that targets to the centrosome in COS cells (28).
This region has _high homology to pericentrin,· so they termed it the PericentrinAKAP450 Centrosomal Iargeting (PAC}) do~~in. GFP fusion with sequences of
I

AKAP350 in HCA-7 ceils confirmed centroso~e targeting of the PACT domain
I

and identified a Golgi Binding (GB) sequence in close proximity (23) (Figure 28).
I
GFP-PACT expression has no effect on P.CM protein distribution in Jurkat
cells.

To further analyze the significance of AKAP350 centrosome targeting, we
generated a Jurkat cell line stably expressi~g GFP-PACT. We attempted to
attain controlled GFP-PACT expression util\.Zing a tetracycline-inhibitable system.
Five separate clones were isolated. Unfortunately, all of the clones expressed
GFP-PACT constitutively for unclear reasons. Therefore, comparisons had to be
made between the original parent tTA Jurkat cell line and the GFP-PACTexpressing Jurkat cell line.

Figure 27. AKAP350 localizes to the
Centrosome and the
I
Golgi apparatus in HeLa cells. Wild-type Hela cells were
fixed and stained with anti-AKAP350 (14G2, ~ Alexa488anti-mouse) and anti-giantin (a trans-Golgi marker, ~ Cy3anti-rabbit). AKAP350 overlaps witfJ giantin at the transGolgi apparatus and displays focal punctate staining of the
centrosomes (arrow).
1

, I

I

Figure 28. AKAP350 targeting dob,ains. The AKAP350
sequence contains two RI/ binding ~ites (red) and four
predicted leucine zippers (dark blue~. AKAP350 localizes to
the Golgi apparatus and the centro$ome through specific
targeting sequences, GB (light blue) and PACT (green),
respectively. The PACT domain (aa 3308 - 3424) targets
AKAP350 to the centrosome, inter~cts with calmodulin, and
has high homology to pericentrin. The GB domain (aa 3259
- 3307) spans the region between the last leucine-zipper and
the PACT domain.

AKAP350
LZ

LZ

RII

RII

LZ

LZ

LZ

GB

AKAP350 .§olgi
apparatus §.inding
(GB) domain

Pericentrin-AKAP450
~entrosomal Iargeting
(PACT) domain
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I

PACT domain expression distributes to punctate foci corresponding to
centrosomes in GFP-PACT-expressing Jurkat cells. lnterphase GFP-PACTexpressing Jurkat cells (Figure 29) and tTA-transfected Jurkat parent cells (data
-

i

'

not shown) with a normal centrosome count of one or two centrosomes exhibit
.

I

.

similar distribution of the centrosome proteins AKAP350, y-tubulin, and
!

pericentrin.
Mitotic defects in GFP-PACT-expressing Ju:rkat cell line.

Although normal interphase GFP-PACT-expressing Jurkat cells did not
display changes in centrosome protein distribution, abnormally large,
multinucleated GFP-PACT-expressing Jurkat cells were observed that contained
I

•

altered ·centrosome morphology and protein distribution. In some large cells,
I

GFP-PACT expression appeared to result in fragmented centrosomes with
I

modified pericentrin and AKAP350 immunostqining (Figure 30, arrows). In
others, GFP-PACT expression resulted in hypertrophied centrosomes (Figure 31,
short arrows). In still other dividing GFP-PACT-expressing cells, the centrosome
. structures appeared to have normal size but were amplified up to six times
resulting in multipolar spindles (Figure 31, long arrows). Of note, normal bipolar
spindles were also observed in GFP-PACT-expressing Jurkat cells (Figure 31,
arrowhead).· To quantitate these mitotic defects, we assessed centrosome
number, centr9some fragmentation, and spindle polarity in twenty high power
(40x) fields of GFP-PACT-expressing and parent tTA Jurkat cells (Figure 32).
The number of cells containing fragmented centrosomes, multiple centrosomes,

Figure 29. GFP-PACT localizes tc> the centrosome in
Jurkat cells. Jurkat cells stably expressing GFP-PACT
were fixed and stained with anti-AJ<AP350 (14G2, 2° Cy3anti-mouse) and anti-y-tubulin (2° ~y5-anti-rabbit). In normal
interphase GFP-PACT Jurkat cells, the distribution of ,
AKAP350 and r-tubulin was not altered.

Figure 30. lnterphase multinucleated GFP-PACTexpressing Jurkat cells display altered centrosome
structure. Jurkat cells stably expressing GFP-PACT were
fixed and stained with anti-AKAP350 (14G2, z; Cy5-antimouse) and anti-pericentrin (~ Cy3-anti-rabbit). Several
large, multinucleated interphase cells displayed fragmented
centrosomes (arrows) with altered p:ericentrin and AKAP350
distribution.
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Figure 31. GFP-PACT-expressing Jurkat cells display ·
altered centrosome size and number. Jurkat cells stably
expressing GFP-PACT were fixed and stained with anti-atubulin (2° Cy3-anti-mouse) and OAP/. Several interphase
cells displayed hypertrophied centrosomes (short arrows).
In dividing cells, many cells exhibited multiple centrosomes
and multipolar spindles (long arrows) as well as normal
bipolar spindles (arrowhead).

Figure 32. GFP-PACT-expressing Jurkat cells exhibit multiple
mitotic defects. Spindle and centrosome structures were compared
between the parent tTA-transfected Jurkat cell line (maroon) and the
GFP-PACT-expressing Jurkat cell line (teal) by counting twenty high
power (40x) fields of each. Approximately 300 cells were counted for
each category. Centrosomes in interphase cells were sorted into
three categories: 1 or 2, >2, or fragmented. Spindles in mitotic cells
were assessed for polarity: bipolar, tripolar, or multipolar. The
absolute numbers of cells counted for each category were compared
between GFP-PACT-expressing Jurkat cells and parent tTAtran_sfected Jurkat cells by Chi square analysis and found to be
significant{*, p s 0.05 for centrosomes and p s 0.001 for spindles).
These bars represent the percentage of cells for each category out of
the total interphase cells (counted for centrosome structures) or
mitotic cells (counted for spindles). More GFP-PACT-expressing
Jurkat cells contained abnormal mitotic structures than parent tTAtransfected Jurkat cells.
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or multipolar spindle~ was significantly increased for GFP-PACT-expressing
Jurkat cells compared with parent tTA-transfected Jur~at cells.
GFP-PACT expression morphologically transformed a Rat [ntestinal
!;pithelial (RIE-1) cell line.

Centrosome alterations have been suggested to be responsible for the
genetic instability observed in cancer (73, 93, 101, 123). We speculated that
PACT domain-induced mitotic defects may induce increased tumorigenicity. To
better analyze this idea, we produced a separate GFP-PACT-expressing cell line.
We utilized a tetracycline-inhibitable rat intestinal epithelial (RIE-1) cell line that
grows as a non-transformed monolayer of cells and exhibits contact inhibition
(124 ). Numerous transformation studies have utilized RIE-1 cells due to this
controlled growth pattern (124-132). Thus, RIE-1 cells represent a wellcharacterized model of cellular transformation to use for GFP-PACT expression.
Making use of a tTA-transfected RIE-1 cell line, we transfected in
pTRE2hygGFP-PACT and plated cells by limiting dilution. Initial dilutions yielded
colonies containing a mixed population of GFP-PACT-expressing RIE-1 cells and
non-GFP-PACT-expressing RIE-1 cells. Notably, GFP-PACT-expressing RIE-1
cells expressed the protein in a tetracycline-responsive manner (data not shown).
In the presence of doxycycline, GFP-PACJ-expressing RIE-1 cells grew with a
non-transformed morphology similar to neighboring non-GFP-PACT-expressing
RIE-1 cells and the parent tTA-transfected RIE-1 ·cell line. GFP-PACT~
expressing RIE-1 cells grown-in the a_bsence of doxycycline for three days
displayed punctate centrosome GFP-PACT expression (Figure 338, center

Figure 33. GFP-PACT expression in the Rat Intestinal
·Epithelial (RIE-1) cell line induces a transformed
morphology. RIE-1 cells stably expressing GFP-PACT
were fixed and stained with anti-a-tubulin (2° Cy3-antimouse) and DAPI (blue in Triple). In A, the leading edge of
a mixed colony of GFP-PACT-expressing (B) and non-GFPPACT expressing (C) RIE-1 cells is viewed at low power
(20x). GFP-PACT-expressing RIE-1 cells appear more
transformed than non-GFP-PACT-expressing RIE-1 cells.
With a higher power vie,w (40x) of A (expanded areas
indicated with boxes in A), the differences in cell contact and
cellular extensions is appreciated for GFP-PACT-expressing
(B) and non-GFP-PACT-expressing (C) RIE-1 cells.

142
column). PACT expression induced a dramatic morphological transformation of
the GFP-PACT-expressing RIE-1 cells (Figure 33A). RIE-1 cells expressing
GFP-PACT exhibited loss of cell contact and formation of cellular extensions
(Figure 338). In comparison, a-tubulin staining of neighborin_g non-GFP-PACTexpressing RIE-1 cells exhibited a normal morp_hology with cell contact inhibition
and monolayer growth even at the colony leading edge (Figure 33C).

Normal centrosome and Golgi structure in GFP-PACT-expressing RIE-1 cell
line.
To initially characterize the GFP-PACT-mediated changes in RIE-1
morphology, we employed antibodies to normal organelle marker proteins to
perform immunocytochemistry. Out of a limited collection of RIE-1 reactive
antibodies, we selected giantin as a marker of the Golgi apparatus along with ytubulin and pericentrin as markers of the centrosome. Our particular interest in
these markers was due to AKAP350 localization at the Golgi apparatus and
centrosome in epithelial cells as well as the homology of the PACT domain with
pericentrin.
Giantin staining in non-GFP-PACT-expressing RIE-1 cells (Figure 34A,
columns 1 & 2) demonstrated a typical epithelial trans-Golgi apparatus. GFPPACT-expressing RIE-1 cells displayed similar giantin staining (Figure 348,
columns 1 & 2) suggesting that expression of the PACT domain does not alter
the trans-Golgi apparatus. Similarly, GFP-PACT expression did not alter ytubulin staining (figure 34 A,8: columns 1 & 2) suggesting that PACT domain
expression does not modify the y-tubulin partition of the centrosome. However,

Figure 34. GFP-PACT expression in RIE-1 cells does not
alter the trans-Golgi apparatus or r-tubulin distribution.
RIE-1 cells were fixed and stained with anti-giantin (2° Cy3anti-rabbit), anti-y-tubulin (2° Cy5-anti-mouse), and DAPI.
. Non-GFP~PACT-expressing RIE-1 cells display normal rtubulin centrosome staining and giantin trans-Golgi
appqratus staining (A). GFP-PACT-expressing RIE-1 cells
display similar patterns of giantin and r-tubulin staining (BJ.

<(
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the other centrosome marker, pericentrin, displayed dramatically different
staining patterns.
GFP-PACTexpression alters pericentrin distribution in a cell cycledependent manner.
Pericentrin immunostaining in non-GFP-PACT-expressing RIE-1 cells
localized to the centrosome and multiple cytoplasmic foci (Figure 35A,C: column
1). Expression of GFP-PACT in RIE-1 cells markedly decre~sed pericentrin
staining at both the -centrosome and cytoplasmic foci (Figure 358,D: column 1).
Pericentrin immunostaining in mitotic non-GFP-PACT-expressing RIE-1 cells
accumulated at spindle poles with little or no cytoplasmic foci (Figure 36A,
column 3). Remarkably, pericentrin immunostaining in mitotic GFP-PACTexpressing RIE-1 cells also accumulated at spindle poles (Figure 368,C)
suggesting that GFP-PACT has no effect on pericentrin targeting to the poles of
the spindle apparatus.

DISCUSSION
AKAP350's function at the_ centrosome remains unclear. Numerous binding
partners from different cell signaling pathways interact with AKAP350, suggesting
that AKAP350 may spatially organize· multivalent signaling complexes at the
centrosome. However, the diverse binding partners are part of signaling
pathways not normally assigned to centrosome function. Furthermore, evidence
linking extracellular signaling events to centrosome effects has yet to be
established. Another critical determinant of AKAP function is the ability to target

Figure 35. GFP-PACT expression in interphase RIE-1
cells alters pericentrin distribution. RIE-1 cells were fixed
and stained with anti-pericentrin (z; Cy3-anti-rabbit), anti-atubulin (2° Cy5-f1nti-mouse), anti-y-tubulin (2° Cy5-antimouse), and DAPI. Non-GFP-PACT-expressing RIE-1 cells
display normal r-tubulin centrosome staining and pericentrin
distribution to centrosomes and cytoplasmic foci (A, C).
Pericentrin staining in GFP-PACT-expressing RIE-1 cells
was markedly decreased (B, D).

A

Figure 36. GFP-PACT expression in mitotic RIE-1 cells
does not alter pericentrin distribution. RIE-1 cells were
fixed and stained with anti-pericentrin (2° Cy5-anti-rabbit),
anti-a-tubulin (2° Cy3-anti-mouse), and DAPI. Both GFPPACT-expressing RIE-1 cells (B, CJ and non-GFP-PACTexpressing RIE-1 ·cells (A) display normal bipolar a-tubulin
spindles with pericentrin spindle pole staining. \
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specific subcellular structures. Generally, this is accomplished by targeting
sequences within the AKAP. Indeed, the carboxyl end of AKAP350 contains the
PACT domain that targets it to the centrosome (23, 28).
How the PACT domain interacts with the centrosome is unclear, necessitating
this study of PACT expression. GFP-PACT expression in Jurkat arid RIE-1 often
results in two punctate foci that may represent targeting to centrioles of the
centrosome. A recent centrosome review suggests some AKAP350 splice
variants bind to centriole walls in the presence of microtubule destabilizing drugs
(133). The structural stability of centrosomes depends on centrioles (134, 135).
Taken together, GFP-PACT interaction with an AKAP350 centriole~binding site
may exp.lain the centrosome structural defects.seen in GFP-PACT~expressing
Jurkat cells. However, no gross redistribution of AKAP350 _or pericentrin was
seen by immunocytochemistry as would be expected if GFP-PACT competes for
interaction with their centrosome-binding site. Subtle changes may require
ultrastructural analysis at the electron microscopy level.
Contrary to GFP-PACT-expressing Jurkat cells, GFP-PACT expression in
RIE-1 c·e11s alters the distribution of pericentrin by immunocytochemistry.
Unfortunately, AKA~_35p'distribution cannot.be addressed because our AKAP350
antibodies did not show immunoreactivity in RIE-1 cells. GFP-PACT clearly
decreases pericentrin staining of cytoplasmic foci and centrosomes in interphase
,'

'

cells. Interestingly, GFP-PACT has no effect on pericentrin localization ·to spindle
.

.

poles in mitotic RIE-1 :cells suggesting a djffe_ren:t mechanism of pericentrin
targeting in interphase and mitosi·s:· Pericentrin di~ectly interacts with the
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cytoplasmic light intermediate chain of dynein, a minus-end directed motor that
mediates spindle pole organization (38, 39). We postulate that the region of
pericentrin with homology to AKAP350's PACT domain may be responsible for
pericentrin targeting during interphase, while interaction with dyneiti is
responsible for pericentrin spindle pole localization during mitosis. In this
scenario, GFP-PACT expression could compete for interphase pericentrin
binding sites but have no effect on dynein-mediated pericentrin localization to
mitotic spindle poles.
Oddly, GFP-PACT expression in RIE-1 cells does not appear to alter
centrosome structure as in Jurkat cells. The effects of GFP-PACT expression
may be cell-type specific since Jurkat is a leukemic T-lymphoblast cell line, while
RIE-1 is a rat intestinal epithelial cell line. Indeed, the most dramatic effect of
GFP-PACT expression, morphologic transformation, was only seen in RIE-1
cells. Parent tTA-transfected RIE-1 cells as well as non-GFP-PACT-expressing
RIE-1 cells appear cobblestone shaped with well-defined cell contact and growth
in a planar monolayer typical of non-transformed morphology. GFP-PACT
expression radically alters RIE-1 morphology. Compared to non-GFP-PACTexpressing RIE-1 cells, GFP-PACT-expressing RIE-1 cells are spindle-shaped
and elongated. Furthermore, the cells exhibit loss of cell contact and overlapping
growth, both characteristics of morphologic transformation .. GFP-PACT's ability
to transform RIE-1 cells comes as a great surprise due to the fact that cellular
transformation has generally only been observed with alteration of growth factor
signal mediators such as ras or introduction of viral oncogenes such as src.
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Ectopic expression of oncogenic ras induces transformation of RIE-1 cells
with a morphology similar to our GFP-PACT-expressing RIE-1 cells (136).
Normal ras proteins are tethered to the cytoplasmic aspect of the plasma
membrane by a farnesyl moiety and alternate between an activated GTP bound
form and an inactive GDP bound form (137). Ras is activated by receptor
tyrosine kinases such as EGF and nonreceptor tyrosine kinases such as src.
Active ras stimulates multiple downstream effectors including the Raf/MEK/ERK
(128, 138) and the Pl3K/Akt pathways (124, 130, ·139-142) that ultimately alter
expression of proliferation genes. The molecular details of ,as-mediated RIE-1
transformation have been extensively studied. Some of the important mediators
include Raf-1 in the MEK/ERK pathway (128, 138), AkUPKB in the Pl3K pathway
(124, 130, 139-142), and TGFa activation of th~ EGFR (128, 143). Activation of
a single pathway cannot recapitulate ras transformation, indicating a complex
interplay of multiple effectors.
An interesting question is whether or not GFP-PACT transformation results
from a ras-dependent mechanism or a novel ras~independent mechanism.
AKAP350 has not been implicated in any of the ras proliferative pathways, but
I

pericentrin may interact indirectly with two ras pathways. Recent work by
Newton and colleagues indicates pericentrin interacts with PKCBII and AkUPKB
(144). Ras-mediated transformation of RIE-1 cells requires Akt/PKB, a direct
downstream effector of Pl3K (124 ). Furthermore, ras-mediated transformation of
RIE-1 cells results in upregulation of cycloxygenase 2, Cox-2 (145, 146). PKCBII
expression in RIE-1 cells also upregulates Cox-2 (147). We show that

153
expression of GFP-PACT dramatically decreases pericentrin in interphase RIE-1
cells. Taken together, it seems plausible that GFP-PACT perturbation of
pericentrin may affect PKCBII and/or Akt/PKB resulting in the pbserved
transformation.
A second possibility involves the localization of Pl3K. The p85 subunit of
Pl3K interacts with y-tubulin and localizes to the centrosome (148, 149). Pl3K
must translocate to the plasma membrane where it is activated by ras to convert
phosphatidylinositol (4,5)-bisphosphate (PIP2) to phosphatidylinositol (3,4,5)trisphosphate (PIP3). GFP-PACT alterations in centrosome structure or
dynamics may alter Pl3K translocation and, therefore; Pl3K activity.
In a third possible explanation, GFP-PACT-mediated perturbation of the
centrosome and pericentrin localization may cause defects in the mitotic
apparatus as is often seen in cancer (150,-151). In GFP-PACT-expressing
Jurkat cells, we observed multipolar spindles and large, multinucleated cells.
Alterations in pericentrin expression also have been shown to cause mitotic
defects. Pericentrin a·ntibody injection into mouse embryos disrupted spindle
structures (152), and overexpression of pericentrin disorganized and
mispositioned spindles resulting in chromosome missegregation and aneuploid
cells (38). Interestingly, Newton and colleagues showed that overexpressing the
region of either pericentrin or PKCBII responsible for their interaction results in
spindle defects, chromosomal disruption, and bi nucleated cells (144 ). Although
we observed decreased pericentrin levels with GFP-PACT expression in
interphase RIE-1 cells, pericentrin levels on the spindle poles were unaffected in
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mitotic GFP-PACT-expressing RIE-1 cells. Also, spindles in GFP-PACTexpressing RIE-1 cells were well organized and bipolar suggesting GFP-PACT
expression in RIE-1 cells does not result in mitotic defects like those observed in
GFP-PACT-expressing Jurkat cells. Clearly, these three explanations are
preliminary and extensive future study is required to understand the mechanism
of GFP-PACT transformation of RIE-1 cells.
This study has produced some interesting implications for AKAP350 function
at the centrosome. Stable expression of the centrosome targeting GFP-PACT
domain of AKAP350 produced centrosome fragmentation and amplification in a
Jurkat cell line. GFP-PACT expression in an epithelial cell line, RIE-1, resulted in
morphological transformation of RIE-1 cells similar to that produced by oncogenic
ras expression. Centrosomes have long been suspected to play a role in
tumorigenesis (150, 151, 153-156). These results may provide the first direct
evidence that centrosome function is critical in cellular transformation.
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CONCLUSION

The concept of A-kinase anchoring proteins (AKAPs) has evolved
tremendously over the last twenty years. Rubin et al. first identified A-kinase
anchoring proteins as "contaminating" proteins that copurified with the type II Akinase regulatory subunit (157). Today, AKAPs are recogniz,ed as complex
molecular scaffolds responsible for the spatial and temporal resolution of
regulatory, enzymatic, and effector proteins within signal transduction cascades
(158). The first identified AKAP, MAP2, forms a relatively simple bivalent
complex between microtubules and RII (159). By_ comparison, modern
biochemical interaction screening methods have characterized an A-kinase
anchoring multivalent actin reorganization WAVE1 complex that includes signal
initiation enzymes (Rae GTPase), transduction enzymes (PKA, Abl, Abi-1, and
Abi-2), ter~ination enzymes (WARP GAP) and cytoskeletal components (actin,
ARP2/3, spectrins, a-tubulin, and SNIP) (13, 15-17).
Similarly, understanding of AKAP350 has grown in complexity since its
identification by our lab and others as an RII interacting protein four years ago
(20, 22). Since that time AKAP350 has become a prototypical A-kinase
anchoring protein (Figure 1). Besides two RII binding domains, AKAP350
contains targeting motifs for specific localization to the Golgi apparatus and
centrosome (Figure 27). Furthermore, AKAP350 interacts with multiple signaling
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proteins including kinases, phosphatases, signal transduction proteins, and novel
proteins of unclear function (Figure 3). As with any novel protein complex, initial
studies of AKAP350 have been descriptive in nature focusing on identification of
binding partners and targeting regions within the protein. In this body of work, we
have tried to delve deeper into the function of AKAP350.
Yeast two-hybrid screening of a rabbit parietal cell library identified a novel
AKAP350 interacting protein, TACC4. By yeast two-hybrid mapping, TACC4
interacted with AKAP350 through a 150 amino acid region of its coiled-coil TACC _
domain. By expression of several GFP-TACC4 deletion constructs, the same
AKAP350 binding region of TACC4 was localized to the centrosome suggesting
AKAP350 anchors TACC4 to interphase centrosomes. The GFP-TACC4
constructs also implicate amino terminal interaction of TACC4 with the spindle
apparatus. Overexpression of spindle targeting GFP-TACC4 constructs results
in an increased percen_tage of pro~etaphase cells providing the first clues to
'

.

.

.

.

TACC4 function. We postulated that AKAP350 anchors rabbit TACC4 and
human TACC3 to the centrosome during interphase. Once cells enter mitosis,
then a TACC4 state change (possibly mediated by AKAP350 scaffolded signaling
.

.

enzymes) occurs allowing TACC4 interaction with the spindle apparatus.
Delayed cell cycle progression with GFP-T_ACC4 expression suggested TACC4
plays a functional role in spindle dynamics.
Several questions evolved out of this initial AKAP350/TACC4 study. First, we
had developed an .antibody to rabbit TACC4 that displays different distribution in
human Jurkat cells t~an that seen in a prior report with anti-human TACC3 in
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Hela cells. Therefore, we wanted·to better understand TACC3's and TACC4's
localization to the centrosome and spindle apparatus. TACC4 interaction with
AKAP350 appears to mediate its association, at least in part, with centrosome
microtubules. We have not directly addressed interaction of TACC4 with purified
microtubules. However, other studies suggest that TACC proteins interact with
microtubules indirectly. D-TACC was identified by a microtubule spin-down
assay, but it cannot interact with purified microtubules in vitro without the·
presence of embryo extracts (48). Thus, we sought to id.entity accessory
proteins responsible for TACC4 interaction with microtubules particularly at the
spindle apparatus. Second, how and why did GFP-TACC4 expression lead to
increased prometaphase cells? Increased prometaphase cells correlated with
the s·pindle targeting ability of GFP-TACC4. An increased number of
prometaphase cells suggests that GFP-TACC4 expression delays cell cycle
progression. Taken together, we postulated that GFP-TACC4 alters spindle
integrity leading to an active spindle checkpoint and cell cycle delay.
Chapter two focused on addressing these questions. First, we identified
Mad2 positive kinetochores in GFP-TACC4-transfecte,d Hela cells. This
suggests that GFP-TACC4 expression prolongs activation of the spindle
checkpoint. However, further characterization will be needed to definitively
correlate TACC4 overexpression with spindle checkpoint activation.' Unlike most
cell cycle checkpoints, th(~· spindle checkpoint ~oes not require inciting events to
activate the machinery. Instead, as soon as a 'ki,netochore·forms and until it
attaches to a microtubule plus end, the spindle checkpoint is active. Therefore,
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progression past the metaphase-anaphase· transition in every cell cycle requires
inactivation of the spindle checkpoint. Thus, definitive implication of GFP-TACC4
expression in spindle checkpoint activation requires temporal analysis. Future
.

.·
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.
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work will need to compa~e ~he timir:,g otqel(cycl~ ·completion for wild type and
GFP-TACC4 transfected cells by live cell imaging analysis. ·
Clues.as t,o how TACC proteins_.interact with microtubules _came with
identification of a c~m~erved interaction betweein TACC family members and
XMAP215 family members. Raff et al. and-Ohkura_et at first identified the family
-,

interface as seen by interaction of Msps with D-TACC (53,-54). An~lysis of dtacc and msps mutant Drosophila embryos suggested that D-TACC aids Msps

centrosome localization but has no effect qn Msps spindle interaction. We
postulated that ch-TOG, the human XMAP215 family member, mediates the
interaction of TACC4 with the spindle apparatus. To address this possibility, we
performed immunocytochemistry with an antibody to ch-TOG. Bot~ TACC3 and
TACC4 colocalized with ch-TOG at interphase· centrosomes and on mitotic
spindles. However, spindle distribution of GFP-TACC4 in mitosis dispersed chTOG from the spindle. This surprising result suggested that GFP-TACC4 targets
to the spindle microtubules independently of ch-TOG interaction. Interestingly,
spindle distribution of GFP-TACC4 also dispersed TACC3 from the spindle. A
recent study by Raff et al. observed similar dispersion of ch-TOG from the
spindle apparatus with siRNA knockdown of TACC3 expression (75). Taken
together, these studies discount ch-TOG as being the protein mediating
interaction of TACC3 with spindle microtubules indicating the necessity of other
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intermediary protein(s). Indeed, the presence of other mediators could explain
the loss of TACC3 from GFP-TACC4 spindles. We postulate that GFP-TACC4
competes for TACC3 interaction with these microtubule mediators. As indicated
by the TACC3 knockdown studies, loss of TACC3 would then result in
subsequent loss of ch-TOG from the spindle as observed. Interestingly,
knockdown of TACC3 and/or ch-TOG (75) increased mitotic index as well as
prometaphase cells suggesting that loss of TACC3/ch-TOG results in similar ·
prolonged activation of the spindle checkpoint as seen with GFP-TACC4
expression. Future experiments will be req·uired to verify this theory and identify
TACC3 microtubule mediators.
TACC3/ch-TOG interaction with the spindle apparatus occurs independently
of AKAP350. Thus, AKAP35Q',s functional role in interaction with TACC3 at the
centrosome remains unclear. It will be interesting to see if AKAP350 scaffolds a
multivalent centrosome complex composed of TACC3, ch-TOG, and other
mediators. Indeed, TACC3 knockdown dispersed ch-TOG spindle ~taining but
had no effect on ch-TOG centrosome localization. Perhaps AKAP350 anchors
ch-TOG to the centrosome. Another recent study in Drosophila suggests that
phosphorylation of D-TACC by the mitotic kinase Aurora A facilitates D-TACC
localization to the centrosome (160). Again, perhaps AKAP350 interacts with
Aurora A to spatially localize it in close proximity to TACC3 as a target substrate.
Altogether, the AKAP350/TACC3 story presents a fertile future area for study of
an AKAP350 centrosome signaling complex as well as a microtubule-associated
ch-TOG/TACC3 complex.

160
The importance of TACC3 interaction with ch-TOG cannot be
overemphasized. Drosophila Msps and human ch-TOG belong to an expanding
MAP family most commonly referred to by its most well characteri4ed member,

Xenopus XMAP215 (56, 161 ). In recent years, XMAP215 studies have greatly
impacted on the understanding of microtubule- dynamics (66, 162, 163). Indeed,
XMAP215 is the only MAP identified to date that is absolutely required for
microtubule growth (66). Unlike traditional MAPs that were identified in
association with stable neuronal microtubules, XMAP215 was identified by its
ability to stimulate the growth rate of the more unstable microtubules present in

Xenopus extracts. Neuronal MAPs regulate microtubules by suppressing the
frequency of transition from growth phase to shrinkage phase (a process referred
to as catastrophe). XMAP2·15's mechanism is unique. It specifically stimulates
plus end growth of microtubules and does not affect catastrophe frequency.
Since the minus ends of microtubules are anchored at centrosomes, current
theory puts more physiological relevance on the microtubule plus ends. The
microtubule plus end exhibits greater dynamic changes than the minus end
particularly in formation of the spindle apparatus. Indeed, several recent reviews
suggest that the physiological changes in microtubule. dynamics (as exemplified
by mitoti<? transition of spindle microtubules) are predominantly affected by a
three-component system including tubulin, XMAP215, and XKCM1. Thus, the
XMAP215 family plays a central role_ in regulation of the dynamic microtubule
skeleton.
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Similarly, the importance of AKAP350 interaction with the centrosome cannot
be overlooked. In the final chapter of this work, we stably expressed the
centrosome-targeting region of AKAP350 (GFP-PACT) in two very different cell
lines, a Jurkat T-cell leukemic line and a non-transformed Rat Intestinal Epithelial
(RIE-1) cell line. Jurkat cells are a transformed human leukemic line that exhibits
rapid proliferation in suspension growth. On the other hand, RIE-1 cells
proliferate in a monolayer culture with more controlled non-transformed
characteristics. We observed functionally relevant cellular effects in both lines:
mitotic defects in GFP-PACT-expressing Jurkat cells and morphological
transformation in GFP~PACT-expressing RIE-1 cells. Intriguingly, initial
characterization of the GFP-PACT-expressing RIE-1 line did not reveal mitotic
defects, and characterization of the GFP-PACT-expressing Jurkat cells did not
reveal changes in proliferation. Future studies will need to carefully look for
mitotic defects with GFP-PACT expression in RIE-1 cells over a longer time
course. Furthermore, wild-type Jurkat cells are proliferating so rapidly that
transforming effects by GFP-PACT may be masked.
Analysis of how GFP-PACT expression causes mitotic defects and cellular
transformation is in its infancy. Mitotic defects have been observed with
perturbation of multiple centrosome proteins including kinases like Aurora A
(103) and structural proteins like pericentrin (38, 1.44, 152). Furthermore,
centrosome abnormalities have been suggested to affect tumor progression (73,
88, 101, 123, 164). Thus, one of the most important questions raised in this
study is whether or not Jurkat GFP-PACT mitotic defects are directly related to
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RIE-1 GFP-PACT morphological transformation. To date, pericentrin is the only
protein with clearly altered distribution in either cell line. The PACT domain
contains significant pericentrin homology (28). Taken together, th.ese results
suggest that GFP-PACT effects may be mediated at least in part ~hrough
pericentrin alterations. Clearly, future work will be needed to identify the
mechanism of PACT domain-mediated mitotic defects and transformation. If
future studies do lin_k the two effects, then AKAP350's role at the centrosome
>

•

may add important understanding to the biology of cancer;,
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