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The TFIIH subunit p89 (XPB) localizes to the
centrosome during mitosis
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Abstract. Background: The general transcription factor II H (TFIIH), comprised of a core complex and an associated CAK-
complex, functions in transcription, DNA repair and cell cycle control. Mutations of the two largest subunits, p89 (XPB) and p80
(XPD), cause the hereditary cancer-prone syndrome xeroderma pigmentosum.

Methods: The TFIIH subunit p89 was monitored during interphase and cell division by immunofluorescence staining, GFP-
fusion constructs including deletions, live cell imaging and immuno-precipitations.

Results: Here we demonstrate that during cell division, from prophase until telophase, the TFIIH core subunit p89, but not
other subunits of TFIIH, associates with the centrosomes and the adjacent parts of the mitotic spindle. With overall constant
levels throughout mitosis, p89 re-localizes to the newly formed nuclei by the end of mitosis. Furthermore, p89 interacts with the
centrosomal protein v-tubulin. Truncations of p89 result in an abnormal subcellular distribution during interphase and abolished
centrosomal association during mitosis.

Conclusions: Our observations suggest a so far unappreciated role for p89 in cell cycle regulation, and may be the structural

basis for a long known, but hitherto unexplained interaction between p89 and tubulin.

Keywords: TFIIH, mitosis, centrosome

1. Introduction

The general transcription factor II H (TFIIH) is a
multi-subunit, multifunctional protein complex com-
prising a core and a three-subunit CAK complex
(cdk7/cyclin H/MAT1). TFIIH has several distinct
functions: transcription of RNA polymerase I and II,
DNA repair (nucleotide excision repair (NER)), and
with its three-subunit CAK complex also cell cycle
control [7]. The core was long regarded as essential
only for transcription and DNA repair. The two largest
subunits of TFIIH, p89 (XPB) and p80 (XPD), have he-
licase activity, and they are encoded by genes compris-
ing complementation groups of the xeroderma pigmen-
tosum (XP) syndromes. Features of XP include skin
sensitivity towards UV irradiation, dry skin and a dra-
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matically higher incidence of skin cancer in sun ex-
posed areas [20].

TFIIH is found in the nucleus and, albeit at lower
levels, also in nucleoli [9,11]. TFIIH acts as a mediator
of transcriptional repression during mitosis [8], provid-
ing a link between mitosis and transcription. No par-
ticular subcellular pattern has so far been reported for
TFIIH during mitosis.

The centrosome contributes to efficient chromoso-
mal segregation during cell division. It contains ring-
like «y-tubulin complexes, which organize microtubules
that make up the mitotic spindle. Impaired centrosome
function or number may contribute to genetic instabil-
ity and carcinogenesis [6]. Based on genetics analy-
sis, a role of the gene product of the Drosophila p89
(XPB) homologue haywire [16] in general microtubule
function has been postulated [17,18]. However, the ex-
act nature of this interaction has not yet been eluci-
dated. Here we monitored p89 throughout cell division
and discovered an unexpected association of p89 with
the centrosome and adjacent part of the mitotis spindle
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during mitosis, suggesting that with this p89 functions
in the passage through the cell cycle.

2. Materials and methods

2.1. Cell culture, cell cycle manipulation and
transfection

HeLa, COS and 293 cells were cultured in DMEM
with 10% serum (Gibco-BRL). For GFP analysis, cells
were transfected using FuGene 6 (Roche) with 1 pg
plasmid/35 mm dish.

2.2. GFP fusion proteins and deletion constructs

A pSG5M/XPB plasmid (kindly provided by
K. Kremer) was used as the source for human wild-
type p89 cDNA (including 3’-UTR). XPB (p89) wild-
type cDNA was recovered by restriction enzyme cut-
ting and cloned into pEGFP-C1. Frame and orientation
was checked by plasmid sequencing. Based upon the
full-length XPB clone in pEGFP-C1 (pEGFP/XPB),
several deletional subclones were established by re-
striction enzyme digestion as follows. Al1-206
(clone A30): blunted lower fragment of Sacl cut in
blunted Accl/Pstl (pEGFP/XPB) (Vector Fragment);
contains XPB with first 206 codons missing. A1-298
(clone D1): Acclll cut pEGFP/XPB, vector fragment
blunted and religated; contains XPB with first 298
codons missing. DEXHc (clone C27): Accl/Pstl cut
(pEGFP/XPB), smallest fragment (0.6 kb) contains
DEXHc domain and was blunted and religated into
blunted Accl/Pstl pEGFP/XPB (Vector Fragment).
A495-782 (clone F1): Pstl cut (pEGFP/XPB), vector
fragment religated; contains the first 494 codons of
XPB including DEXHc, but without HELICc domain.
A207-782 (clone E4): Sacl cut of XPB-FL-EGFP and
religation of upper fragment; contains the first 206
codons of XPB. A pET11d/p62 (GTF2H1) plasmid
was used as source for human wild-type p62 cDNA.
The full-length GTF2H1 (p62) coding region (from
the initiating methionine to the stop codon) was PCR-
amplified using Pfu DNA polymerase (Stratagene) and
cloned into pEGFP-C1 using Kpnl and Xbal sites.
The cdk7 and cyclin H cDNAs were PCR-amplified
using the corresponding I.M.A.G.E. clones (Invitro-
gen) as template, and cloned into pEGFP-C1 between
HindIII and Kpnl sites. All the clones were verified
by plasmid sequencing and protein expression analy-
sis.

2.3. Immunofluorescence microscopy

Adherent cells were grown overnight on cover-
slips. Cells were washed twice in 1 x PBS (5 min).
For most staining procedures, cells were fixed for
5 min in 3% paraformaldeyde at room temperature.
Prior to incubation with the primary antibodies, cov-
erslips were incubated for with SDS (0.1%, 5 min)
to unmask epitopes followed by blocking with 5%
bovine serum albumin for 12 min. Primary antibod-
ies were as follows: a-p89 (rabbit polyclonal, Santa
Cruz, CA, USA), 1:100 dilution; a-v-tubulin (rab-
bit polyclonal, Sigma), 1:200 dilution. Primary anti-
body incubation was performed 2 h. After two times
washing in PBS for 5 min, cover slips were incubated
for 1 h with the secondary antibodies (1:400 Alexa
Fluor® 488 goat anti-rabbit and AlexaFluor® 647 goat
anti-mouse, HOE33342 for nuclear staining; all from
Invitrogen, Germany). Then, the slides were washed
in PBS two times for 5 min and then mounted with
fluorescent-free glycergel mounting medium (Dako-
Cytomation, Hamburg, Germany). For nuclear stain-
ing on living cells, HOE33342 (1 uM) was added
to the culture medium for 15 min prior to the mea-
surements. Stained cells were analyzed with a fil-
ter wheel-based imaging system (Universal Imaging
Corporation, Dowingtown, PA, USA) mounted on an
inverted microscope (Axiovert 200, 40x objective,
Zeiss, Jena, Germany) or with a confocal microscope
(LSM 510; Zeiss, Jena, Germany) using sequential
scanning (Plan Apochromat 63x /1.4 oil objective,
excitation at 488 and 633 nm, emission at 505-—
530 and >650 nm, respectively). For nuclear stain-
ing, HOE33343 epi-fluorescence signal was superim-
posed.

2.4. Live cell imaging

Images were collected under thermostat conditions
(37°C) using a filter wheel-based imaging system
(Universal Imaging Corporation, Dowingtown, PA,
USA) mounted on an inverted microscope (Axiovert
200, Zeiss, Jena, Germany). GFP-specific time series
were analyzed using the Metafluor software (Universal
Imaging, West Chester, PA, USA).

2.5. Immunoprecipitation

Cells extracts were prepared as described (Liu, 2001
#31). Binding reactions were rotated for 4 h at 4°C
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in buffer BC-100 (20 mM HEPES, pH 7.9, 20% glyc-
erol, 100 mM KCl, 0.2 mM EDTA, 20 mM imida-
zole, 0.5 mM PMSF, 0.5 mM DTT) in the presence
of 25 pg protein extract and either 250 pg mouse IgG
(Santa Cruz, CA, USA), 250 pug monoclonal p89 anti-
body (AUSTRAL Biologicals) or 250 pg monoclonal
~-tubulin (GTU-88, Sigma). Protein A beads (Roche)
were added, and incubation continued overnight. The
protein A beads were washed four times in 200 mM
salt buffer (20 mM HEPES, pH 7.9; 200 mM NacCl,
0.05% Triton X-100). Recovered proteins were sub-
jected to electrophoresis and immunoblot analysis. De-
tection was performed with the following primary anti-
bodies: SC-289 (Santa Cruz, CA, USA) for p89 (1:400
dilution), GTU-88 (Sigma) for ~y-tubulin (1:4000 dilu-
tion).

3. Results

3.1. p89 co-localizes with the centrosome during
mitosis

To test if TFIIH, like most sequence-specific tran-
scription factors [15] is released from mitotic chromo-
somes, we monitored p89 throughout cell division in
COS cells. Immunofluorescence (IF) staining of p89
revealed the expected nuclear localization in interphase
(Fig. 1A), similar to the pattern described by oth-
ers [11,21]. Like most other transcription factors, p89
dissociated from the mitotic chromatin. However, in-
stead of a random distribution throughout the dividing
cell, p89 decorated the mitotic spindle and the centro-
somes (Fig. 1B-D). The same staining pattern was also
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Fig. 1. The TFIIH subunit p89 localizes to the centrosome during mitosis. (A) Immunofluorescence staining in interphase cells shows p89 in a
finely stippled pattern in the nucleus. No signal is detectable at the interphase centrosome. Starting from prometaphase (B), in metaphase (C) and
until telophase/cytokinesis (D), a strong signal is detected at the centrosome and adjacent mitotic spindle. Scale bars = 10 um. Red — «-tubulin,

green — p89; blue - HOE33342.
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observed in other cell types (HeLa and 293 cells; not
shown).

To authenticate the mitotic trafficking to the centro-
some, p89 was transiently expressed as a GFP-p89 fu-
sion protein in COS cells. GFP-p89 revealed the inter-
phase pattern seen for endogenous p89 (Fig. 2A). In
prophase, it was still detectable at the chromosomes,
but in addition, started to decorate the centrosomes
(Fig. 2B). In metaphase, the condensed chromatin was
mostly devoid of fluorescence, but intensity at the cen-
trosome and adjacent part of the mitotic spindle was
very high (Fig. 2C-E). In telophase, GFP-p89 still lo-
calized to the centrosome, but also became detectable
at the de-condensing chromosomes (Fig. 2F). Thus, the
subcellular localization patterns of p89 observed by IF
and GFP-labeling were mostly similar. Small differ-

ences in the subcellular localization patterns, e.g. in
late phases of cell division, were most likely due to dif-
ferent expression levels of endogenous and transgenic
p&9.

3.2. p89 interacts with y-tubulin

What triggers TFIIH to the centrosome? A screen
in Drosophila designed to discover “genes involved in
microtubule function” yielded haywire, the Drosophila
p89 homologue, in addition to the easily anticipated
tubulin genes [16—18]. Therefore, we tested for an as-
sociation between p89 and centrosomal components in
HeLa cells. A p89 antibody precipitated not only p89,
but also y-tubulin. Reciprocally, the y-tubulin antibody
co-precipitated p89, indicating that there may be a di-
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Fig. 2. GFP-p89 also localizes to the centrosome during mitosis. (A—F) GFP-p89 shows the same distribution during the cell cycle as endogenous
p89. In interphase (A) GFP-p89 nearly exclusively localizes in the nucleus with no signal at the interphase centrosome. Starting from prophase
(B), signals can be detected at the centrosomes. Starting from prometaphase throughout metaphase, staining of centrosomes is intense, whereas
no chromosomal localization is found (C-E). In late telophase (F), intensity at the centrosomes decreases, and chromosomal association increases
again. Scale bars = 10 um. Red — «-tubulin, green — GFP-p89; blue — HOE33342.
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Fig. 3. p89 interacts with ~y-tubulin. Immunoprecipitation with antibodies against p89 and ~-tubulin reveals a reciprocal co-immunoprecipitaiton,
indicating an interaction between p89 and ~y-tubulin. Mouse IgG: control antibody.

rect (or indirect) physical interaction between p89 and
centrosomal components (Fig. 3).

3.3. Spatial re-distribution of p89 throughout cell
division

We next sought to monitor GFP-p89 in living cells,
in order to circumvent potential artifacts inherent to
fixation and permeabilization. Live imaging of GFP-
p89 transfected COS cells showed a nearly exclusively
nuclear distribution of the fusion protein in interphase
cells (Fig. 4A, panels 1, 11 and 12). Once cells entered
mitosis, GFP-p89 was dispersed throughout the cell.
Nearly no signal was detectable in projection to the
metaphase plate (Fig. 4A, panels 4-7), indicating GFP-
p89 displacement from mitotic chromosomes. During
metaphase, highest fluorescence intensities were again
at the centrosomes and spindle (Fig. 4A, panels 3
and 4). During telophase, there was an abrupt shift
back to the newly forming nuclei (Fig. 4A, panels 7
vs. 8). By the end of cytokinesis, GFP-p89 was com-
pletely back in the newly formed nuclei (Fig. 4A, pan-
els 9-12).

Proteolysis of regulatory proteins controls progres-
sion through mitosis. For cyclin B1, a mitosis-specific
association with the centrosomal region has been de-
scribed, and shown to correlate with its degrada-
tion [5]. To test if the p89 amount changes, fluores-
cence quantity of GFP-p89 was determined throughout
cell division. Although there was a dramatic dispersion
of fluorescence upon entry into mitosis (Fig. 4B, time
points 1-3), the overall quantity remained nearly con-
stant (Fig. 4B, bottom panel). Thus, the overall cellular
level of p89 did not change significantly during mito-
sis.

3.4. Truncations of p89 affect its subcellular
distribution

Several truncations of GFP-p89 were generated
in order to determine which parts of p89 are rel-
evant for its subcellular localization in COS cells.
Truncations included either a part of the N-terminus
(A1-206, A1-298), or both the N- and C-terminus, leav-
ing only the DNA binding domain (DEXDc), or the
C-terminus with loss of HELICc only (A495-782), or
HELICc and DEXDc (A207-782) (Fig. 5A). These
truncations revealed a differential subcellular localiza-
tion during interphase and in mitosis (Fig. 5B and Ta-
ble 1).

The nearly exclusive nuclear localization of p89
during interphase was altered in A1-206, resulting
in additional cytoplasmic localization. The interphase
distribution was only weakly affected in A495-782
and A207-782. Deleting large parts of the N- and
C-terminus at the same time resulted in a toxic accu-
mulation within the nucleus.

Truncating p89 also affected its distribution in mito-
sis. Deleting the N-terminus significantly reduced mi-
totic association with the centrosome (A1-298 more
than A1-206). C-terminal deletion was less critical
with A495-782 revealing a similar pattern as GFP-p89.
Deleting both, large parts of the N- and C-terminus
gave a signal similar to the GFP-mock control, abol-
ishing any p89-typical localization.

3.5. Other TFIIH subunits do not show such an
association with the centrosome

In order to investigate if the mitosis-specific associ-
ation of p89 with the centrosome is common among
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Fig. 4. Kinetics of p89 during the cell cycle. (A) Live imaging of GFP-p89 with time lapse series. During interphase, p89 is nearly exclusively in
the nucleus. Upon prometaphase (1-2), at the same time the nuclear membrane breaks off, p89 detaches from the chromosomes to localize to the
centrosomes (3). In late telophase, there is a sudden re-association of p89 with the chromatin (compare panels 7 and 8), and GFP-p89 localization
is again confined to the newly forming nuclei (9-12). Panels: Differential interference contrast (DIC) microscopy (top) and corresponding
GFP-p89 (bottom). Time points correspond to the arrowheads depicted in (B). (B) Quantification of fusion protein reveals spatial changes in
intensity upon entry into mitosis, reflecting the re-distribution parallel to fall-off from the chromatin. However, overall intensity is nearly constant
(lower panel).
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Fig. 5. Truncations of p89 affect its subcellular localization. (A) Deletions were generated by truncating part of the N-terminus (A1-206, A1-298),
the N- and C-terminus, and the C-terminus with loss of HELICc only (A495-782), or HELICc and DEXDc (A207-782). (B) Deletions of
N-terminal parts of p89 interfere with the nearly exclusive nuclear localization during interphase. Deletions of C-terminal parts of p89 hardly in-
terfere with the nearly exclusive nuclear localization. Truncation of the N-terminus significantly reduces mitotic association with the centrosome,
whereas C-terminal deletion is interfering less with centrosomal localization (A495-782). Deleting both, large parts of the N- and C-terminus of
P89, not only reduces proper distribution, but also leads to toxic accumulation within the nucleus (DEXDc). GFP-p89 (top row) and GFP-mock

(bottom row) are shown for comparison. Scale bar = 10 pm.

TFIIH subunits, we sought to monitor further sub-
units. Under standard conditions, IF staining did not
show such a clear association of p62 with the mitotic
spindle or centrosome. Transient expression of GFP-
p62 revealed an interphase pattern similar as seen for
p89 (Fig. 6A). Monitoring GFP-p62 during mitosis re-
vealed different patterns depending on the treatment of
cells. After fixation and permeabilization, the fusion
protein revealed a signal at the centrosome (Fig. 6B).
In contrast, when monitoring living cells, only briefly
treated with HOE33342, no signal was detected at the
centrosomes or the mitotic spindle (Fig. 6C). GFP-p89
monitored in parallel, still revealed a strong association
(Fig. 6D). Thus, in contrast to p89, no unequivocal cen-

trosome or spindle association was demonstrated for
po2.

To monitor TFIIH subunits other than core compo-
nents, GFP-fusion proteins for cyclin H and cdk7 were
studied. The interphase patterns of these suggested
integration into the TFIIH complex (Fig. 6E and G).
During mitosis, neither for cyclin H nor for cdk7, a sig-
nal enhancement at the centrosome or adjacent spin-
dle was observable (Fig. 6F and H). Thus, there was
no evidence for an association of these CAK complex
proteins with the spindle or centrosomes during mito-
sis. Therefore, the mitosis-specific association with the
centrosome and spindle seems to be restricted to the
P89 subunit.
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Fig. 6. Localization of other TFIIH subunits during mitosis. (A) Nuclear localization of GFP-p62 in interphase cells. During mitosis, GFP-p62 can
be visualized at the centrosome only following (B) cell permeabilization, (C) but not in un-permeabilized living cells. (D) In contrast, GFP-p89
revealed the known centrosomal association also in living cells. GFP-labelled (E) cyclin H and (G) cdk7 showed a similar nuclear distribution
in interphase. During mitosis, no significant spindle or centrosomal localization was detectable in (F) cyclin H- or (H) cdk7-transfected cells,

respectively. Scale bar = 10 um.

Table 1
Subcellular localization of the GFP-Ap89 constructs. Summary of a
semi-quantitative analysis of the subcellular localization of the GFP-
Ap89 constructs in interphase and mitosis in living cells. Signal in-

tensities: — = none, 4+ = weak, +4 = strong, + 4+ = very strong
Interphase Mitosis
Nucleus Cytoplasm Centrosome
p89 +++ - +++
A1-206 ++ + +
A1-298 ++ + +
DEXDc ++ + -
A495-782 +++ — +++
A207-782 +++ - ++
GFP ++ ++ —

4. Discussion

The major finding of our study is a cell cycle depen-
dent re-distribution of the TFIIH subunit p89 (XPB)
with a mitosis-restricted localization at the centro-
some. This observation suggests that the TFIIH core
plays a previously unappreciated role in the regulation
of the cell cycle.

We provide several independent lines of evidence
that p89 is at the centrosome during mitosis: (1) Im-
munofluorescence staining of endogenous p89 with
different antibodies reveals localization at the centro-
some. (2) Transiently expressed GFP-p89 shows the
same distribution. (3) Colocalization to the centrosome
during mitosis is modified by deleting parts of p89.
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(4) Co-immunoprecipitation of p89 and the centroso-
mal protein -tubulin indicates a biochemical interac-
tion between these proteins. Thus, our data show that
at least a fraction of p89 interacts with the centrosome
during mitosis. It is unlikely that this mitosis-specific
localization of p89 is a random event.

The association of p89 with the centrosome and
adjacent part of the mitotic spindle is reminiscent to
the localization of cyclin B1 during mitosis. For cy-
clin B1, this association has functionally been linked
to proteosomal degradation of this protein [5]. There-
fore, one might assume a similar role of the assembly
of p89 with the centrosome. However, our quantita-
tive analysis revealed that overall cellular p89 levels do
not change significantly (Fig. 4). Biochemical analy-
sis of p89 during mitosis also did not show any dif-
ference in p89 levels [1]. Therefore, centrosomal mi-
gration of p89 does obviously not lead to degradation
of p89/TFIIH. If it is not turn-over bringing p89 to the
centrosome, what else could it be?

Remarkably, other TFIIH subunits did not show the
same affinity to the centrosome or mitotic spindle,
which at first glance is surprising since it implies that
the TFIIH complex is at least partially dissociated and
free p89 exists. However, TFIIH is not inert during cell
division, and several subunits are subject to modifica-
tion. The CAK complex includes cdk7, which helps
to trigger cell division, and so could modify cell cy-
cle kinetics directly [22]. The cdk7 subunit is also hy-
perphosphorylated during mitosis, which goes along
with an inhibition of transcriptional activity [1,14]. Ev-
idence from Drosophila indicates that selective degra-
dation of XPD/p80 permits entry into M-phase [4]. It
is conceivable that p89 is also modified during mitosis
and freed from the complex.

The functional significance of a transcription factor
localizing at the centrosome is not self-evident. How-
ever, TFIIH serves multiple duties beyond transcrip-
tion, in particular in cell cycle regulation and DNA
repair. A number of other proteins involved in DNA
repair and the control of genome integrity, such as
Rb [19], Brcal [10], XPC [2] and p53 [3], have been
reported to localize to the centrosome, frequently in
a mitosis-specific manner. Taking into account that
TFIIH is known to interact with several of these, de-
tecting p89 also at the centrosome is not that surpris-
ing. Our data might be relevant for understanding a
genetic interaction described in Drosophila, the basis
of which so far has not been solved. A genetic screen
designed to recover proteins interacting with tubulin
yielded haywire, the Drosophila homologue of p89.

These results were attributed to an indirect transcrip-
tional effect, albeit the possibility of a physical in-
teraction between tubulin and p89 [17,18]. The co-
localization and interaction of p89 with components of
the centrosome and mitotic spindle shown here provide
evidence for a direct interaction between p89 and tubu-
lins. Our observations potentially have implications for
understanding TFIIH-related tumorigenesis. The sig-
nificance of impaired nucleotide excision repair (NER)
for carcinogenesis in xeroderma pigmentosum (XP) is
undisputed. However, defects in NER alone seem in-
sufficient to explain the full cancer diathesis of XPB
diseases, because not all DNA repair defects similarly
predispose to carcinogenesis. XPB (and XPD) muta-
tions that disturb NER, also have the potential to com-
pound the pathology via transcriptional deregulation of
critical target genes [12,13,24]. From this perspective,
a single XP mutation may deliver multiple carcino-
genic effects beyond defective NER: firstly, an apop-
totic defect that impairs destruction of the genetically
injured cell [23], secondly, a faulty regulation of criti-
cal genes. And finally, an XPB mutation may impede
normal progression through G2/M. It therefore seems
likely that deregulation of all these p89-dependent
functions contributes to XPB-related carcinogenesis.
Our data provide an attractive explanation for the ge-
netic interaction between p89 and tubulin described in
Drosophila [17,18]. Although we have not yet defi-
nitely proven that the physical interaction between p89
and the centrosome shown here indeed provides the ba-
sis for this genetic interaction, we nevertheless provide
amolecular basis for further investigation. The fact that
p89, a factor crucial for transcription, DNA repair and
cell cycle control, interacts with the centrosome and
spindle during mitosis, makes is possible that diverse
cellular processes are temporally and spatially coupled
by utilizing the dynamic re-distribution of p89. With
this, p89 at the centrosome would provide a molecular
platform to efficiently coordinate transcription, DNA
repair and cell division.
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