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activity of the centrosome.
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(Background: Centrosomal microtubule nucleation is important in the formation of the microtubule cytoskeleton.
Results: An integrin mutant that suppresses MEK/ERK signaling substantially reduces microtubule nucleation. Expression of
activated RAF-1 restores nucleation inhibited by the mutant integrin.

Conclusion: Integrins promote microtubule nucleation by regulating MEK/ERK signaling.
Significance: Environmental cues provided by cell-matrix adhesion contribute to the regulation of the microtubule nucleating
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Microtubule nucleation is an essential step in the formation of
the microtubule cytoskeleton. We recently showed that andro-
gen and Src promote microtubule nucleation and vy-tubulin
accumulation at the centrosome. Here, we explore the mecha-
nisms by which androgen and Src regulate these processes and
ask whether integrins play a role. We perturb integrin function
by a tyrosine-to-alanine substitution in membrane-proximal
NPIY motif in the integrin 1 tail and show that this mutant
substantially decreases microtubule nucleation and y-tubulin
accumulation at the centrosome. Because androgen stimulation
promotes the interaction of the androgen receptor with Src,
resulting in PI3BK/AKT and MEK/ERK signaling, we asked
whether these pathways are inhibited by the mutant integrin
and whether they regulate microtubule nucleation. Our results
indicate that the formation of the androgen receptor-Src com-
plex and the activation of downstream pathways are signifi-
cantly suppressed when cells are adhered by the mutant integ-
rin. Inhibitor studies indicate that microtubule nucleation
requires MEK/ERK but not PI3BK/AKT signaling. Importantly,
the expression of activated RAF-1 is sufficient to rescue micro-
tubule nucleation inhibited by the mutant integrin by promot-
ing the centrosomal accumulation of y-tubulin. Our data define
a novel paradigm of integrin signaling, where integrins regulate
microtubule nucleation by promoting the formation of andro-
gen receptor-Src signaling complexes to activate the MEK/ERK
signaling pathway.

During interphase, the microtubule cytoskeleton determines
the subcellular localization of organelles, promotes vesicular
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transport, and directs cell migration. The centrosome is a major
site for the nucleation and organization of microtubules (1-3).
It includes two centrioles embedded in pericentriolar material.
The assembly of the microtubule cytoskeleton is a highly regu-
lated process initiated by nucleation. Newly nucleated micro-
tubules become anchored at the centrosome and exhibit
growth, shrinkage, and stabilization in response to extracellular
signals.

v-Tubulin is essential for microtubule nucleation. It associ-
ates with other y complex proteins in the cytoplasm to form
v-tubulin ring complexes (y-TuRCs),> which then accumulate
at the centrosome to serve as templates for microtubule nucle-
ation (3). NEDD1, also known as GCP-WD, is the last protein to
associate with the complex and is required for its centrosomal
localization (4, 5). A similar role has recently been proposed for
GCP8, a newly identified component of y-TuRC (6).

Accumulation of y-tubulin at the centrosome increases dra-
matically at the onset of mitosis, and this correlates with
increases in nucleation rates (7, 8). Current evidence indicates
that Plk1 and Cdkl promote enhanced centrosomal localiza-
tion of y-tubulin at mitosis and mitotic spindle formation in
part by phosphorylating NEDD1 (9, 10). We recently described
arole for the androgen receptor and Src signaling in promoting
the centrosomal accumulation of y-tubulin and microtubule
nucleation during interphase (11). Thus, these processes are
dynamically regulated throughout the cell cycle.

Numerous reports have identified steroid hormone recep-
tors as initiators of cytoplasmic signaling responses, in addition
to their classical roles as transcription factors. Initial studies
identified a signaling complex containing the estrogen receptor
and Src that leads to the activation of the MEK/ERK pathway
(12). These observations were confirmed in a variety of cell

2 The abbreviations used are: y-TuRC, y-tubulin ring complex; RFP, red fluo-
rescent protein; HFF, human foreskin fibroblast; AR, androgen receptor; ca,
constitutively active; dn, dominant negative.
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systems and have been extended to include the progesterone
and androgen receptors (13—15). Later, it was demonstrated
that these receptor-Src complexes also lead to activation of the
PI3K/AKT pathway (16 —19). We recently showed that andro-
gen stimulation promotes microtubule nucleation through a
pathway requiring the androgen receptor and Src (11).

Cell-matrix adhesion provides critical positional informa-
tion important in cell fate decisions. Integrins are a/ 8 heterodi-
meric adhesion receptors that regulate cellular processes by
directly activating signaling pathways or by affecting the signal-
ing activity of other cell surface receptors (20 -22). Cross-talk
between integrin and tyrosine kinase and cytokine receptors
contributes to many normal and pathological processes,
including cell migration, proliferation, and survival, in addition
to tissue differentiation and tumor progression (22, 23). How-
ever, it is not known whether integrins affect signaling path-
ways initiated by steroid hormone receptors such as the andro-
gen receptor.

Here, we ask whether integrins regulate microtubule nucle-
ation and, if so, whether they do so by affecting the ability of
androgen to activate cytoplasmic signaling pathways. Integrin
B subunit cytoplasmic domains (B tails) are critical to most
aspects of integrin function (24 —28). They act as scaffolds for a
number of cytoskeletal and signaling proteins connecting
integrins to the actin filament cytoskeleton and to a variety of
signaling pathways (29). Studies from several laboratories,
including our own, have demonstrated that a tyrosine-to-ala-
nine mutation in the membrane-proximal NPIY motif of the 81
tail (Y783A) inhibits integrin activity and downstream signaling
(25,30-32). Werecently showed that this mutation inhibits the
formation of the microtubule cytoskeleton focused at the cen-
trosome during interphase, the assembly of a bipolar spindle at
mitosis, and cytokinesis (33, 34). In this study, we use the Y783A
mutant to demonstrate that intact integrin function is required
to promote microtubule nucleation and y-tubulin accumula-
tion at the centrosome by regulating the formation of the
androgen receptor-Src complex to activate the MEK/ERK
pathway.

EXPERIMENTAL PROCEDURES

Cell Culture—Chinese hamster ovary (CHO-K1) cell lines
expressing the allb-583-1WT (WT cells) or allb-583-
1Y783A (YA cells) chimeric integrins (32, 33) were cultured in
Ham’s F-12 supplemented with 10% FBS, 1% L-glutamine, and
1% penicillin/streptomycin (complete Ham’s F-12). Human
foreskin fibroblasts (HFFs; Vec Technologies) were cultured in
DMEM supplemented with 10% FBS, 1% L-glutamine, and 1%
penicillin/streptomycin (complete DMEM). Experiments were
performed in CCM1 (Hyclone), serum-free Ham’s F-12, or
serum-free DMEM as indicated.

Generation of GEP-y-Tubulin and RFP-EB3-expressing Cells—
Stable cell lines were generated using the Lentiviral Gateway
expression system (Invitrogen). GFP-y-tubulin was amplified
from the pEGFP-N1/vy-tubulin plasmid (35) by PCR with the
forward primer 5° CACCATGCCGAGGGAAATCATCAC-
CCTA 3’ and reverse primer 5" TTACTTGTACAGCTCGTC-
CATGCC 3, and RFP-EB3 was amplified by PCR using the
forward 5° CACCATGGCCGTCAATGTGTACTCC 3’ and
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reverse 5’ TTAGGCGCCGGTGGAGTGGCGGCC 3’ primers
from the pEGFP-N1/EB3 plasmid in which GFP was swapped
with RFP (36). PCR products were inserted into pENTR/D-
TOPO (Invitrogen) and then transferred to pLenti6/V5-DEST
(Invitrogen) by site-specific recombination as described by the
supplier. Successful generation of pLenti6/V5-DEST/GFP-y-
tubulin and pLenti6/V5-DEST/RFP-EB3 was confirmed by
DNA sequence analysis. A lentiviral stock was then produced
by co-transfection of the 293FT cell line with the expression
construct and the ViraPower packaging mix (Invitrogen) and
used to transduce WT and YA CHO cells. Cells with appropri-
ate levels of RFP-EB3, with or without GFP-+y-tubulin, were
isolated by fluorescence-activated cell sorting using the BD-
FACS Aria high speed cell sorter.

Microtubule Regrowth—Similar passages of WT and YA
CHO cells were grown to ~80% confluence in complete Ham’s
F-12. To assay cells in G, of the cell cycle, mitotic cells were
isolated and replated onto fibrinogen or fibronectin in either
CCM1 or serum-free Ham’s F-12 for 3 h at 37 °C. HFFs were
serum starved for 18 h and then replated onto fibronectin in
either CCM1, complete DMEM, or serum-free DMEM for 3 h
at 37 °C. Cells were then treated at 4 °C with 10 ug/ml nocoda-
zole (Calbiochem) for 4 h to depolymerize microtubules. Cells
were washed with cold PBS to remove the drug, and microtu-
bule regrowth was allowed for 5 min in CCM1, complete
DMEM (HFF), serum-free DMEM (HFF), or serum-free Ham'’s
F-12 (CHO). In some experiments androgen, R1881 (Perkin-
Elmer Life Sciences), was added at 10 nM to serum-free medium
during the regrowth period. Where indicated, 10 um SU6656
(Calbiochem) was added during the last half-hour of nocoda-
zole treatment and to all solutions thereafter. Additional exper-
iments included treatment with 1, 5, or 10 um U0126 (Cell
Signaling) or 25, 50, or 100 um LY294002 (Invitrogen) as indi-
cated. Only cells containing one centrosome were included in
our analyses. This was determined by y-tubulin or GFP-centrin
as indicated in the figure legends. Similar results were obtained
using either parameter.

Immunofluorescence Microscopy—To visualize microtu-
bules, cells were permeabilized for 30 s in 80 mm PIPES, pH 6.8,
5mmEGTA, pH 8.0, 1 mm MgCl,, and 0.5% Triton X-100, fixed
for 10 min in the same buffer containing 5% glutaraldehyde, and
then incubated for 7 min in 1% sodium borohydrate in PBS.
Cells were then stained with antibodies to a-tubulin (DM1a,
Sigma) and +y-tubulin (AK-15, Sigma) as described previously
(33). Alexa-Fluor 488- and 594-conjugated secondary antibod-
ies were from Invitrogen. Samples were analyzed using an
inverted Nikon TE2000-E microscope equipped with phase
contrast and epifluorescence, a digital camera (CoolSNAP HQ;
Roper Scientific), a Ludl rotary encoded stage, and a 37 °C incu-
bator. NIS Elements (Nikon) and AutoQuant deconvolution
software (AutoQuant Imaging, Inc.) packages were used.
Images were taken on the best centrosomal plane. Exposure
time was set and kept constant throughout each independent
experiment so that the fluorescent signal from the brightest
microtubule array was not saturated. The a-tubulin and y-tu-
bulin signals were measured in each cell using a region of inter-
est with a radius of 1 wm using NIS Elements software (Nikon).
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Background fluorescence using a circle of corresponding size
was subtracted from each measurement.

Transient Transfection—W'T and YA CHO cell lines were
plated to ~60% confluence for 18 h in complete Ham’s F-12.
The cells were then transfected using TransIT CHO transfec-
tion kit (Mirus) with the following expression vectors: FLAG-
androgen receptor (18); WT-Src (37); ca-Src (37); dn-CSK (38),
or ca-RAF (39). GFP-centrin (40) was used to identify trans-
fected cells where indicated. After 18 h, mitotic cells were
knocked off and replated for analysis.

Immunoprecipitation and Western Blotting—To assay the
association of the androgen receptor and Src, transfected cells
were serum starved for 18 h and then replated onto fibrinogen-
coated plates for 3 h. Cells were then lysed with modified RIPA
buffer, and the FLAG-androgen receptor of human origin was
immunoprecipitated with a FLAG-M2 antibody conjugated to
mouse agarose beads (Sigma). As a control, mouse IgG (Santa
Cruz Biotechnology) and mouse agarose beads (Sigma) were
used. All samples were then analyzed by Western blotting with
antibodies to pSrc-Y416 (Cell Signaling) or total Src (Cell Sig-
naling). Blots were stripped and reprobed with antibodies to the
human androgen receptor (Santa Cruz Biotechnology) as a
control.

To determine activation and expression levels of signaling
and other recombinant proteins, a subset of isolated mitotic
cells was replated onto fibrinogen-coated plates for 3 h, lysed
with modified RIPA buffer, and assayed by Western blotting.
Antibodies to pERK1/2 (E10), pAKT-S473 (D9E), and total
AKT were purchased from Cell Signaling. Antibodies to total
ERK (C-14), total FAK (C-20), EB3 (KT53), and CSK (C-20)
were from Santa Cruz Biotechnology, and an antibody to total
Src (GD11) was from Upstate Biotechnology Inc.

Microtubule Nucleation Visualized by Live Cell Imaging—
Similar passages of WT and YA CHO cells stably expressing
RFP-EB3 with or without GFP-+y-tubulin were grown to ~80%
confluence in complete Ham'’s F-12. Mitotic cells were isolated
and replated for 3 h onto fibrinogen-coated glass bottom tissue
culture plates (MatTek Corp.) in CCM1 supplemented with 10
mM HEPES, pH 7.4, at 37 °C. Plates were then transferred to a
microscope equipped with a heated (37 °C) chamber, and
images of RFP (EB3) and GFP-vy-tubulin or GFP-centrin (cen-
trosome) were recorded every 3 s for a total of 30 s. Images were
compiled, deconvolved, and then analyzed using Image] soft-
ware. Where indicated, cells were transiently transfected with
GFP-centrin with or without ca-Src, dn-CSK, or ca-RAF
expression vectors. In some experiments, cells were incubated
with 5 um U0126 for 5 min prior to being transferred to the
microscope for filming resulting in a maximal exposure to 5 um
U0126 for 15 min. Again, only cells containing one centrosome
were included in or analyses. This was determined by y-tubulin
or GFP-centrin as indicated in the figure legends. Similar
results were obtained using either parameter.

Statistical Analysis—To control for independent variation
between experiments, all quantitative analysis represents nor-
malized mean values = S.D. All p values =0.05 were deemed as
being statistically significant and denoted with an asterisk or
hash mark. All analysis was performed using MiniTab 15 Sta-
tistical Software. In microtubule nucleation experiments, the
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mean value for each condition was normalized to the mean
value for WT cells replated onto fibrinogen in CCM1. Excep-
tions are noted in the figure legends (see Figs. 3, 6, and 7). A test
of equal variance, followed by either a one- or two-way analysis
of variance, was performed and comparisons were made using
Fisher’s LSD test. To determine the fold changes in Src activa-
tion, the mean values were normalized to WT cells replated in
CCML1. The fold changes in androgen-triggered Src, AKT, and
ERK phosphorylation were calculated by normalizing the mean
values to serum starved cells. Differences in the normalized
mean values were deemed statistically significant using a test
for normal distribution and a single sample ¢ test.

RESULTS

YA Mutation Substantially Reduces Microtubule Nucleation
from the Centrosome—To determine whether integrins regu-
late microtubule nucleation from the centrosome, we inhibited
integrin function using a previously characterized Y783A
mutation in the integrin 1 tail (25, 30 -33). We used CHO cell
lines stably expressing chimeric integrins containing either the
wild-type B1 tail (WT) or the Y783A mutant B1 tail (YA) in the
context of the ollb-583-1 heterodimeric chimeric integrins
(32, 33). These chimeras contain the extracellular and trans-
membrane domains of the aIIbB3 fibrinogen-binding receptor
connected to the cytoplasmic tails of the a5B1 fibronectin
receptor (Fig. 14). To isolate the function of the recombinant
integrins (WT or YA), we adhered these cells to fibrinogen in
CCM1, a serum-free growth-promoting medium.

The ability of cells to promote microtubule nucleation was
assayed using two independent approaches. First, we assayed
the density of microtubules at the centrosome during a micro-
tubule regrowth assay, as a burst of nucleation occurs at the
centrosome following nocodazole washout. We determined the
density of newly nucleated microtubules by measuring the fluo-
rescence intensity of the a-tubulin signal using a region of
interest with a radius of 1 wm centered at the centrosome. The
results indicate that the fluorescence intensity of the a-tubulin
signal at the centrosome is significantly decreased when cells
are adhered to fibrinogen by the YA mutant integrin compared
with the WT integrin (Fig. 1, B and C).

As a complementary approach, we used live cell imaging to
determine the rate at which newly nucleated microtubules
emanate from the centrosome (8, 11, 41). For these studies, we
generated cells stably expressing low levels of RFP-microtubule
end-binding protein 3 (RFP-EB3) to label the plus end of grow-
ing microtubules and GFP-vy-tubulin to ensure centrosome-
orientated microtubule nucleation. The results indicate that
cells adhered by the WT integrin have an average nucleation
rate of 19.6 * 4.2 comets/min, whereas cells adhered by the YA
mutant integrin have an average nucleation rate of only 10.1 =
3.0 comets/min (Fig. 1, D and E and supplemental Fig. 1).
Importantly, both WT and YA cells expressed similar levels of
RFP-EB3 and GFP-+y-tubulin (Fig. 1F). Thus, cells adhered by
the YA mutant integrin exhibit substantially reduced microtu-
bule nucleation from the centrosome.

YA Mutation Inhibits the Association of Androgen Receptor
with Src—We previously showed that androgen is the main
component in CCM1 medium that promotes microtubule
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FIGURE 1. YA mutation substantially decreases microtubule nucleation from the centrosome. A, schematic of the recombinant integrins. B-F, WT and YA
cells were replated onto fibrinogen in CCM1. B-C, microtubule nucleation was assayed at 5 min of regrowth. B, micrographs of representative cells stained for
a-tubulin (green) and y-tubulin (red). C, quantification of the microtubule density at the centrosome using a region of interest (RO/) with a radius of 1 um. Values
are the normalized fluorescence intensities of the a-tubulin signal = S.D. calculated from 150 cells per condition (n = 3). Top, schematic of experimental design.
D and E, time-lapse imaging was used to track newly nucleated microtubules in cells stably co-expressing RFP-EB3 and GFP-y-tubulin. D, shown are images
taken every 3 s of EB3 comets emanating from the centrosome in a representative cell. See supplemental Fig. S1 for an example of how the appearance of newly
nucleated microtubules was quantified by the appearance of new EB3 comets. £, normalized nucleation rate = S.D. calculated from 10 cells per condition (n =
3). F, Western blot analysis of y-tubulin and EB3 protein levels. ¥, p < 0.05; FAK, focal adhesion kinase. Scale bar, 3 um.

nucleation and that it does so in an androgen receptor-depen-
dent manner (11). It is known that the androgen receptor cyto-
plasmic signaling cascade is initiated by its interaction with Src
(17, 18). To begin to dissect the mechanism by which integrins
regulate microtubule nucleation, we compared the ability of the
androgen receptor-Src signaling complex to form in cells
adhered by either the WT or mutant integrin. To facilitate the
detection of the complex by co-immunoprecipitation, we tran-
siently co-expressed wild-type Src (WT-Src) and FLAG-tagged
androgen receptor (FLAG-AR). Using the FLAG epitope as
bait, we were able to detect an interaction between the andro-
gen receptor and Src in cells adhered by the WT integrin; how-
ever, it was not observed when cells were adhered by the mutant
integrin (Fig. 2A and supplemental Fig. 2). Importantly, WT-
Src transfected cells adhered by the mutant integrin showed
decreased levels of Src activation compared with cells adhered
by the WT integrin (Fig. 2B). This was not specific to trans-
fected cells; similar results were obtained when we assayed
endogenous Src using untransfected cells (Fig. 2C). To our
knowledge, this is the first report that integrins regulate andro-
gen receptor signaling.

Activating Src Signaling Rescues Microtubule Nucleation—
We previously showed that Src signaling is required for andro-
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FIGURE 2. YA mutation inhibits the association of the androgen receptor
with Src. A, WT and YA cells were either co-transfected with FLAG-tagged andro-
gen receptor (FLAG-AR) and wild-type Src (WT-Src), with WT-Src alone, or left
untransfected as indicated. Transfected cells were serum starved and then
replated onto fibrinogen in CCM1 to assay the association of the AR and Src.
Antibodies directed against the FLAG tag (left panels) or a mouse antibody con-
trol (right panel) were used for immunoprecipitation (/P). Immunoprecipitates
were analyzed by Western blotting with antibodies specific for activated Src.
Blots were stripped and reprobed for total Src and the AR. Lysates were also
analyzed for each condition by Western blotting for the AR, phosphorylated Src,
and total Src levels and reprobed for total focal adhesion kinase (FAK) as a loading
control (bottom panels). Shown is a representative experiment (n = 3). B and
G, cellsadhered by the YA mutant integrin in CCM1 are inhibited in Src activation.
Quantification of the fold change in Src activity = S.D. (n = 3) from WT Src-trans-
fected cells (B) or untransfected cells (C). *, p < 0.05.
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gen to promote microtubule nucleation at the centrosome in
human foreskin fibroblasts (11). Thus, as expected, the addition
of androgen to serum-free medium promoted microtubule
nucleation in cells adhered by the WT but not YA mutant integ-
rins (supplemental Fig. 3, A and B), and adhering YA cells to
fibronectin by their endogenous a581 integrins rescued andro-
gen-triggered microtubule nucleation (supplemental Fig. 4). In
addition, androgen stimulation promoted Src activation in WT
cells, although the Src kinase inhibitor SU6656 inhibited andro-
gen-triggered microtubule nucleation (supplemental Fig. 3,
A-D).

To determine whether activating Src signaling is sufficient
to promote nucleation in cells adhered by the mutant integ-
rin, we experimentally activated Src by expressing either a
constitutively active Src mutant (ca-Src), containing a tyro-
sine-to-phenylalanine substitution (Y527F) at the regulatory
tyrosine residue (42), or a dominant negative (kinase-dead,
K222R) CSK mutant (dn-CSK) to increase endogenous Src
activation (38). The results indicate that expression of either
ca-Src or dn-CSK in YA cells activates Src signaling and
promotes microtubule nucleation (Fig. 3, A-E). A similar
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rescue in microtubule nucleation was observed when we
assayed the density of microtubules at the centrosome and
when we measured the rate at which microtubules emanated
from the centrosome. Together, these data demonstrate the
importance of a functional integrin to promote Src signaling
and microtubule nucleation. Thus, perturbing integrin func-
tion by the YA mutation suppresses microtubule nucleation
due to decreased Src signaling.

PI3K/AKT Signaling Does Not Regulate Microtubule
Nucleation—Because we determined that cells adhered by the
YA mutant are inhibited in the formation of an androgen recep-
tor-Src complex, we next asked whether signals downstream of
Src are required for microtubule nucleation. We first examined
the PI3K/AKT axis and, as expected, found that androgen stim-
ulation promoted AKT phosphorylation in cells adhered by the
WT but not the mutant integrin (Fig. 44). To determine
whether PI3K/AKT signaling regulates nucleation, we used the
PI3K inhibitor, LY294002, in cells adhered in CCM1 by the WT
integrin. The results indicate that treatment with LY294002
effectively inhibits AKT phosphorylation but does not suppress
microtubule nucleation (Fig. 4, B—D). Thus, PI3K/AKT activity

S
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(red) and y-tubulin (green). D, quantification of the microtubule density at the centrosome. Values are the normalized fluorescence intensities of the a-tubulin

signal = S.D. from 150 cells per condition (n = 3). Scale bar, 3 pm.

is not required to promote microtubule nucleation, at least in
this context.

MEK/ERK Signaling Promotes Microtubule Nucleation and
Centrosomal Accumulation of y-Tubulin—Cells adhered by the
YA mutant integrin are also inhibited in androgen-triggered
ERK activation as expected (Fig. 5A4). To examine the role of the
RAF/MEK/ERK pathway, we treated cells adhered by WT
integrins with the MEK inhibitor, U0126. The results indicate
that the inhibition of ERK activation significantly suppressed
microtubule nucleation as indicated by the decrease in the
a-tubulin signal at the centrosome (Fig. 5, B—D). Microtubule
nucleation was also assayed by calculating the nucleation rate
using live cell imaging. WT cells treated with U0126 had an
average nucleation rate of 11.7 = 2.8 comets/min, whereas the
average nucleation rate of untreated cells was 22.3 * 3.5 com-
ets/min (Fig. 5E and supplemental Fig. 54). Thus, MEK signal-
ing is required to promote microtubule nucleation from the
centrosome. Furthermore, ca-Src did not promote nucleation
when MEK was inhibited, which is consistent with the role of
Src upstream of MEK (Fig. 5, B-D).

To determine whether activation of MEK/ERK signaling is
sufficient to promote microtubule nucleation in cells adhered
by the mutant integrin, we expressed a constitutively active
RAF-1 mutant (ca-RAF) containing a deletion of the amino-
terminal regulatory domain (43). Microtubule nucleation was
assayed by measuring the fluorescence intensity of the a-tubu-
lin signal at the centrosome and by counting the number of EB3

JANUARY 20, 2012+VOLUME 287+NUMBER 4

comets emanating from the centrosome per unit of time.
Expression of ca-RAF activated MEK/ERK signaling and
restored the level of a-tubulin signal at the centrosome to that
of cells adhered by WT integrins (Fig. 6, A-C), and it increased
the nucleation rate to 22.3 = 3.9 comets/min compared with
11.3 = 2.8 comets/min observed in untransfected cells adhered
by the YA mutant integrin (Fig. 6D and supplemental Fig. 5B).
These data reveal a role for MEK/ERK signaling in microtubule
nucleation and indicate that activating this pathway is sufficient
to restore microtubule nucleation in cells adhered by the
mutant integrin. Importantly, activating MEK/ERK signaling
restored microtubule nucleation without affecting cell mor-
phology (supplemental Fig. 5C). Furthermore, inhibition of
MEK in the presence of either androgen or the constitutive
activation of Src suppressed microtubule nucleation (Fig. 5,
B-D), and inhibition of Src abrogated ERK activation (supple-
mental Fig. 6). Taken together our results define a novel mech-
anism of integrin signaling with integrins as regulators of
microtubule nucleation acting through an androgen-Src-MEK-
ERK pathway.

Increased levels of y-tubulin at the centrosome are indic-
ative of increased nucleation rates (7, 8, 11). To determine
whether the decreased nucleation rates observed when cells
were adhered by the mutant integrin are due to altered y-tu-
bulin levels at the centrosome, we measured the fluorescence
intensity of the y-tubulin signal at the centrosome. The
results indicate that cells adhered by the YA mutant have
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FIGURE 5. MEK/ERK signaling promotes microtubule nucleation. A, cells adhered by the YA mutant integrin are inhibited in androgen-triggered ERK
activation. ERK phosphorylation was analyzed by Western blotting using an antibody specific to activated ERK and reprobed for total ERK. Quantification of the
fold change in ERK activity = S.D. (n = 3). B-E, MEK inhibitor, U0126, specifically inhibits ERK phosphorylation and microtubule nucleation. B-D, WT cells
co-transfected with GFP-centrin with or without ca-Src were replated onto fibrinogen in CCM1, serum-free (SF) F-12, or serum-free F-12 plus androgen, with
androgen added only for 5 min. ERK activity was suppressed by treating cells with 5 um U0126 for only 5 min. B, representative Western blot of ERK and Src
phosphorylation using antibodies specific for activated ERK and Src, respectively. Blots were reprobed for total protein levels. C, shown are representative
images of cells during rapid microtubule regrowth with a-tubulin staining (red). D, quantification of the microtubule density at the centrosome where the
values represent the normalized fluorescence intensities of the a-tubulin signal = S.D. calculated from 150 cells per condition (n = 3). *, p < 0.0 5 for cells
treated with U0126 compare with control. #, p < 0.01 for WT cells adhered in SF-12 compared with the CCM1 control, serum-free F-12 plus androgen and

serum-free F-12 plus ca-Src. E, normalized nucleation rate = S.D. calculated from 10 cells per condition (n = 3). *, p < 0.05. Scale bar, 3 um.

lower levels of centrosomal y-tubulin compared with WT
cells (Fig. 6E). In addition, U0126 inhibited the accumulation
of y-tubulin at the centrosome when cells were adhered by
WT integrins. Conversely, activating MEK signaling with the
ca-RAF mutant restored levels of centrosomal <y-tubulin
when cells were adhered by the mutant integrin. Thus, MEK/
ERK signaling may promote microtubule nucleation during
interphase by regulating the centrosomal localization of
y-tubulin.

Regulation of Microtubule Nucleation by MEK/ERK Signal-
ing Is Not Cell Type-specific—We next asked whether the
requirement for MEK/ERK signaling is specific to CHO cells.
Previous data from our laboratory demonstrated that andro-
gen and Src signaling regulates microtubule nucleation in
HFFs (11). Therefore, we examined the effects of the U0126
MEK inhibitor when HFFs were adhered to fibronectin in
CCM], in serum-free DMEM with or without androgen, or
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in serum-containing DMEM. The data indicate that inhibi-
tion of the MEK/ERK pathway results in decreased microtu-
bule nucleation (Fig. 7, A—C) and decreased accumulation of
y-tubulin at the centrosome (Fig. 7D). Together, these data
demonstrate that MEK/ERK signaling regulates microtubule
nucleation and y-tubulin accumulation at the centrosome by
a mechanism that is independent of cell type and culture
conditions.

DISCUSSION

Microtubule nucleation at the centrosome is a fundamental
cellular process, and thus, understanding the mechanisms
involved is biologically important. In this study, we identified
integrins and the MEK/ERK signaling pathway as major regu-
lators of this process and propose that their downstream target
is the centrosomal accumulation of y-tubulin. We demonstrate
that normal integrin function is required for the formation of a

S
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complex containing the androgen receptor and Src that is In principle, microtubule nucleation could be regulated at
required for androgen-triggered ERK activation. Thus, we have  multiple steps, the assembly of y-TuRCs, their centrosomal
defined a novel pathway whereby integrins promote microtu- localization, or their nucleating activity once at the centrosome.
bule nucleation through an androgen receptor-Src-MEK-ERK  Current evidence indicates the centrosomal accumulation of
pathway (Fig. 8). v-TuRCs is a major point of control. Most studies have focused
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FIGURE 8. Model. Our data are consistent with published reports that the
androgen receptor and Src form a signaling module that activates MEK/ERK
and PI3K/AKT signaling in response to stimulation with androgen. We show
that integrins regulate the formation of the androgen receptor-Src complex
and the ability of androgen to trigger the activation of AKT and ERK. Addition-
ally, our results demonstrate that MEK/ERK signaling promotes the centro-
somal accumulation of y-tubulin and microtubule nucleation independent of
cell type and culture conditions. Inhibiting MEK/ERK signaling with U0126
inhibits microtubule nucleation when cells are adhered by wild-type integ-
rins, and expression of ca-RAF to activate MEK/ERK signaling is sufficient to
rescue microtubule nucleation when integrin function is inhibited. Although
inhibiting PI3K/AKT signaling does not effect microtubule nucleation, this
pathway may regulate other processes required for the assembly of the
microtubule cytoskeleton.

on the regulation of this process at the onset of mitosis because
there is a dramatic increase in the centrosomal accumulation of
y-tubulin and microtubule nucleation in response to centro-
some maturation (7, 8, 44). Several reports highlight the impor-
tance of Plk1 and its centrosomal localization in this process (9,
10, 45).

Our studies have identified integrins and MEK/ERK signal-
ing as regulators of the centrosomal localization of y-tubulin
and microtubule nucleation during interphase. We previously
hypothesized that Src might phosphorylate a member of the
v-TuRC to promote assembly of the complex and/or its local-
ization to the centrosome (11). Here, we used a MEK inhibitor
to demonstrate a role for the MEK/ERK pathway, and we fur-
ther showed that expression of a constitutively active RAF-1
mutant is sufficient to promote microtubule nucleation during
interphase. Our data also indicate that Src activity is required
for androgen-triggered ERK activation. Therefore, we propose
that Src activity promotes centrosomal accumulation of y-tu-
bulin and microtubule nucleation by activating the MEK/ERK
pathway. At present, ERK is the only known substrate of MEK
(46); thus, identifying the relevant ERK substrates will likely
provide critical mechanistic insight.

It is likely that MEK/ERK signaling downstream of a number
of different cell surface receptors, including tyrosine kinase and
G-protein-coupled receptors, will also promote microtubule
nucleation. In this regard, we showed that serum stimulation
also promoted microtubule nucleation by a MEK/ERK-depen-
dent mechanism. Furthermore, the activation of MEK/ERK sig-
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naling is common among steroid hormone receptors, as both
progesterone and estrogen receptors can trigger this pathway
(12, 13). In addition, estrogen and androgen are known to acti-
vate signaling in cells outside the reproductive organs (47).
Thus, activation of MEK/ERK signaling downstream of andro-
gen, progesterone, estrogen, or a variety of cell surface recep-
tors is likely to be involved in the regulation of microtubule
nucleation in many biological contexts.

Interestingly, MEK/ERK signaling can suppress microtubule
stability (48, 49), in addition to promoting microtubule nucle-
ation. Whether these two processes are interdependent regula-
tory events is subject to further experimentation. It is possible
that a decrease in microtubule stability could result in increased
levels of unpolymerized tubulin, which might enhance the rate
of microtubule nucleation. We have not yet compared micro-
tubule stability in cells adhered by WT and the YA mutant
integrin. This is an important future direction.

Integrins regulate a number of other signaling proteins that
target microtubule dynamics, such as the Rho family of
GTPases, which influence microtubule growth and stability
(50-56). Although the activity of these GTPases has not yet
been assayed in our system, we know that the mutant integrin
inhibits cell spreading, which is a Racl-dependent process (26,
32), and Racl has been shown to promote microtubule growth
(54, 55). Another potential integrin target is GSK-33, which
inhibits the activity of multiple microtubule-binding proteins
that promote microtubule anchorage and growth (54, 57— 60).
Because AKT phosphorylates GSK-f to suppress its activity,
the inhibition of AKT by the mutant integrin may also lead to
defects in microtubule anchorage and growth. Thus, the resto-
ration of microtubule nucleation may not be sufficient to main-
tain a microtubule cytoskeleton focused at the centrosome
when cells are adhered by the mutant integrin. If this is the case,
it will be important to identify additional signaling pathways
needed.

Other laboratories have analyzed the mechanisms that regu-
late the formation of the androgen receptor-Src complex.
These studies have demonstrated that androgen stimulation
promotes the association of Src with the androgen receptor
through the binding of Src homology 3 domain to a proline-rich
domain in the androgen receptor (61); this mechanism also
mediates the association of Src with the progesterone receptor
(14). These interactions are presumably allowed by the ligand-
induced conformational change in the androgen receptor and
lead to Src activation by suppressing the autoinhibitory confor-
mation of Src (16). Consistent with this model, we observe a
stimulation of Src activity with the addition of androgen to cells
adhered by WT integrins. Our results taken together strongly
suggest that androgen-triggered Src activation triggers MEK/
ERK signaling and microtubule nucleation in our system and
that cells adhered by the mutant integrin are inhibited in these
processes. Importantly, integrins are also known to regulate
MEK/ERK signaling downstream of tyrosine kinase receptors,
albeit by a different mechanism (22). Thus, integrin-regulated
MEK/ERK signaling is likely to regulate microtubule nucleation
in multiple biological contexts.

Subcellular localization is an important factor in the forma-
tion of signaling complexes. Integrins are known to nucleate the
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formation of multimolecular complexes containing Src and
other signaling proteins. Consequently, much of integrin sig-
naling can be localized to adhesion sites (21). Interestingly, the
YA mutation inhibits the formation of focal adhesions (32) as
well as the formation of the androgen receptor-Src complex,
suggesting these processes may be linked. Our preliminary
observations suggest that the androgen receptor does not local-
ize at focal adhesion sites. However, the ability of integrins to
regulate the subcellular localization of the androgen receptor
needs further analysis.

Integrins have also been shown to regulate the surface
expression of lipid rafts by a mechanism that depends both on
the microtubule and actin cytoskeletons (62), which are defec-
tive in cells adhered by the mutant integrin (32, 33). Further-
more, the ability of integrins to regulate lipid rafts has impor-
tant consequences for integrin signaling events (63). Because
the androgen receptor and Src are known to associate with lipid
rafts at the plasma membrane (64— 66), it is possible that the
mutant integrin inhibits the formation of the androgen recep-
tor-/Src complex and downstream signaling by preventing the
surface expression of lipid rafts.

The importance of the cytoplasmic signaling activities of
the androgen receptor in normal and pathophysiological
processes is just beginning to be fully appreciated. Our
results demonstrating that integrins are co-regulators of
these activities indicate that spatial cues provided by cell-
matrix adhesion may help limit the activation of these path-
ways to the appropriate time and place. It will be important
to determine how cancer cells bypass this mechanism of
control.
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