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Abstract
Colchicine and nocodazole, both established microtubule disruptors, are useful tools to investigate
cytoskeletal-dependent signaling cascades and the associated downstream transcriptional targets.
Since cytoskeletal events impact pathophysiologic consequences in the vascular system, the signaling
requirements underlying colchicine-stimulated expression of PAI-1 and CTGF, two prominent cell
deformation-sensitive fibrosis-initiating proteins, were evaluated in vascular smooth muscle cells.
Microtubule disruption rapidly induced EGFR transactivation (at the src kinase-sensitive
EGFRY845 site) in a ROS-dependent manner. Genetic deficiency of EGFR, inhibition of EGFR
signaling with AG1478 or introduction of a kinase-deficient EGFR construct effectively blocked
colchicine-stimulated PAI-1 and CTGF expression. MEK/ERK involvement downstream of ROS
generation was critical for PAI-1, but not CTGF, expression following cytoskeletal perturbation
suggesting bifurcation of signaling pathways downstream of EGFR activation. Colchicine also
stimulated SMAD2/3 phosphorylation by a Rho/ROCK-dependent mechanism independent of TGF-
β1 release or receptor activity. Rho/ROCK signaling initiated by tubulin network collapse was
required for both CTGF and PAI-1 induction. Colchicine-initiated SMAD3 phosphorylation,
however, was essential for PAI-1, but not CTGF, expression further highlighting divergence of
signaling events downstream of Rho/ROCK that mediate microtubule deformation-associated
changes in profibrotic gene transcription.
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INTRODUCTION
The microtubule cytoskeleton, a central regulator of cell shape, transduces intracellular signals
in response to cues from the extracellular matrix, cell-cell interactions and growth factors [1].
The tubulin network sequesters, by direct or indirect interactions, various effector elements
(e.g., SMADs, Rho-GEFs) modulating their activity and subcellular trafficking [2–7]. Not
surprisingly, therefore, microtubule disruption impacts events that regulate the expression of
downstream, cell deformation-sensitive, genes. Cytoskeletal network reorganization, however,
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is associated with changes in a relatively modest complement of genes, unlike the global
transcriptional reprogramming induced by serum growth factors [e.g., 8,9], with PAI-1 [10],
uPA [11,12], TGF-β1 [13], CTGF [14,15], COX-2 [16], VEGF [17] and several MMPs [18–
20] prominent among this restricted subset of cell shape-sensitive genes.

The microtubule-disrupting drugs colchicine and nocodazole have emerged as useful reagents
for the identification of “deformation” sensitive genetic responses [21,22]. Several of the
downstream targets activated by microtubule disassembly are important regulators of tissue
fibrosis (e.g. collagen, PAI-1, CTGF). Clarification of signaling pathways associated with
disruption of the tubulin-based cytoskeleton, therefore, may well have specific clinical
implications. This is particularly true in the vascular system where cytoskeletal alterations
commonly accompany ischemia/reperfusion injury, arterial tensional adaptations and wound
repair as well as the response to microtubule-targeting drugs. PAI-1 induction is evident in
each setting [23–26], warranting further definition of mechanisms activated by cytoskeletal
remodeling that affect regulation of profibrotic genes.

This report details events initiated by tubulin network alterations leading to PAI-1 and CTGF
expression in VSMC. EGFR transactivation, involving EGFRY845 site phosphorylation, and
Rho/ROCK signaling were essential elements in the microtubule deformation-sensitive PAI-1
and CTGF expression control pathways. MEK/ERK1/2 involvement downstream of the EGFR
was critical for PAI-1, but not CTGF, induction. Colchicine treatment also stimulated delayed
SMAD2/3 phosphorylation independent of autocrine TGF-β1 release or TGF-β1 receptor
activity but requiring Rho/ROCK signaling. Induced SMAD3 activity by microtubule
disruption, furthermore, was required for PAI-1 expression but dispensable for CTGF
induction. These data indicate that multiple pathways are engaged as a consequence of
cytoskeletal disruption and suggest, furthermore, that transcriptional controls on individual
microtubule deformation-sensitive genes are complex and likely different.

MATERIALS AND METHODS
Cell culture

R22 aortic smooth muscle cells as well as EGFR wild-type (EGFR+/+) and null (EGFR−/−)
MEFs were grown to near confluence in DMEM/10% FBS [27,28] then maintained in serum-
free medium for 2–3 days prior to addition of colchicine (1–10 μM), nocodazole (0.5–5 μM),
TGF-β1 (0.1 to 1 ng/ml) or EGF (10 ng/ml). Primary VSMC were propagated in F-12/DMEM
supplemented with 10% FBS and serum-deprived for 1–2 days before incubation with
colchicine or growth factors. Pretreatment with the pharmacologic inhibitors AG1478 (EGFR),
C3 transferase (Rho), Y-27632 (p160ROCK), SIS3 (SMAD3), PD98059 or U0126 (MEK) as
well as the ROS inhibitors (NAC and DPI) is described in the text.

Adenoviral constructs
Cells were infected (MOI=50–100) with the adenoviral GFP-tagged kinase-dead EGFR1
mutant EGFRK721A, wild-type EGFR1 or control-GFP expression constructs in low-serum
medium for 48 hours as described [28] then stimulated with EGF(10 ng/ml), TGF- β1 (1ng/
ml) or colchicine (10 μM) for 4 hours prior to cell extraction. Infectivity was >90% (assessed
by GFP fluorescence microscopy).

Western analysis
R22 cells and primary VSMC were solubilized at 4°C in lysis buffer (0.5% deoxycholate, 0.1%
SDS, 50 mM HEPES, pH 7.5, 1% Triton X-100, 1% NP-40, 150 mM NaCl, 50 mM NaF, 1mM
vanadate, 2 μg/ml aprotinin, 2 μg/ml leupeptin, 1mM PMSF) and extracts clarified at 14,000
×g for 15 minutes. MEFs were disrupted in 4% SDS/PBS for 10 minutes, lysates vortexed
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briefly, boiled for 5 minutes then centrifuged at 14,000 rpm for 15 minutes. Aliquots (30–50
μg cellular protein) were electrophoretically-separated, transferred to nitrocellulose,
membranes blocked in 5% milk in 0.05% Triton-X 100/PBS, incubated overnight with
antibodies to PAI-1, EGFR, pERK1/2, ERK2, pSMAD2Ser465/467, pSMAD3Ser423/425,
SMAD2/3, RhoA, EGFRpY845, pp60c-src-pY416; anti-phospho-tyrosine (4G10), or TGF-βRI
in blocking buffer and washed three times in 0.05% Triton-X 100/PBS prior to incubation with
secondary antibodies [28]. Immunoreactive proteins were visualized with ECL reagent and
quantitated by densitometry.

Immunofluorescence microscopy
For visualization of microtubule organization, cells were fixed in 3.7% paraformaldehyde,
permeabilized in 0.1% Triton X-100/PBS for 10 minutes, blocked in 2% BSA for 20 minutes
then incubated with mouse monoclonal antibodies to tubulin for one hour and then with
appropriate Alexa fluor 568 conjugated antibodies to mouse IgG. Following a final series of
PBS rinses, coverslips were mounted with Vectashield reagent containing DAPI (Vector
Laboratories) to visualize nuclei. Immunocytochemical localization of PAI-1 used specific
antibodies and the same protocol for tubulin imaging described above.

Rho GTP assay
PBS-washed cells were extracted (in 25 mM HEPES, pH 7.5, 150 mM NaCl, 1 mM EDTA,
10% glycerol containing leupeptin and 1 mM sodium orthovanadate) by constant agitation for
15 minutes at 4°C. Clarified lysates (600 μg protein) were incubated with Rhotekin RBD-
agarose beads for 45 minutes at 4°C. Active (i.e., Rhotekin-bound) Rho and total Rho levels
(GTP-Rho + GDP-Rho) were determined by western blotting with RhoA antibodies.

Measurement of ROS
Serum-deprived VSMC were stimulated with colchicine for various lengths of time (1–120
minutes) then incubated with DCF-DA (Molecular Probes; 10 μM) in 37°C in the dark for 10
minutes. Following a PBS rinse, cells were scraped in 1 ml of 0.05% Triton X-100/PBS for
fluorometer measurements (excitation at 488 nm; detection at 515 nm) and H2O2 levels
normalized to cell number.

RESULTS
Microtubule collapse induces PAI-1 expression, src activation and EGFRY845

phosphorylation
Deformation of the VSMC microtubule network with colchicine (Figure 1A,B) or nocodazole
(Figure1C) induced a striking elevation in PAI-1 expression (Figure 1D,E). Stabilization of
the tubulin cytoskeleton by pre-incubation with Paclitaxel (taxol; particularly at 5 μM)
suppressed colchicine- and nocodazole-induced, but not TGF-β1-dependent, PAI-1 (and
CTGF) induction (Figure 1 F,G) suggesting that microtubule disruption, rather than just drug
exposure, is the basis for the associated increase in PAI-1/CTGF levels.

Previous studies implicated src family non-receptor tyrosine kinases, and specifically
pp60c-src, as signaling intermediates in response to microtubule disassembly [10,15]. Analysis
of protein phosphorylation patterns (assessed with the phosphotyrosine-specific antibody
4G10) as a function of time of colchicine addition disclosed a rapid increase in src kinase
phosphorylation within 10 minutes of drug exposure (Figure 2A). The sensitivity of the
colchicine-induced kinase activity to the src family inhibitor SU6656 (Figure 2B) is consistent
with the prior identification of the involved kinase as pp60c-src [10]. Maximal srcY416 site
phosphorylation occurred approximately 30 minutes after colchicine addition remaining
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elevated for at least 2 hours (Figure 2C). A pattern of phosphorylation similar to that of
pp60c-src was also evident for a protein of approximately 170 kDa (Figure 2A) which co-
migrated with the phosphorylated form of the EGFR (Figure 2A,D). While the elevated pEGFR
levels associated with colchicine exposure are less than what commonly accompanies
stimulation by the physiologic ligand EGF (Figure 2D), the kinetics of EGFR phosphorylation
closely paralleled that of src kinase (Figure 2C,E). Consistent with src kinase involvement,
the EGFRY845 site (a pp60c-src target residue; [29]) was significantly increased in response to
microtubule disruption (Figure 2F). Consistent with the role of Src family members in
EGFRY845 phosphorylation in VSMC, colchicine also activated (within 15 minutes) c-Src
kinase activity (measured by SrcY416 phosphorylation) in mouse embtyonic fibroblasts (MEFs)
(Figure 3A). Importantly, colchicine failed to stimulate PAI-1 expression in MEFs tripley-
deficient in src family kinases (src, yes, fyn; SYF−/−/−) but effectively induced PAI-1 in wild
type SYF+/+/+) fibroblasts confirming a participation of these non-receptor tyrosine kinases in
PAI-1 gene induction by microtubule deformation (Figure 3B).

Preincubation of VSMC with the EGFR kinase inhibitor AG1478 effectively blocked EGFR
tyrosine phosphorylation (Figure 4A) and downstream PAI-1 expression (Figure 4B) in
response to EGF as well as TGF-β1. Colchicine-stimulated PAI-1 (Figure 4C,D) and CTGF
(Figure 4E) induction was similarly sensitive to AG1478 pretreatment, implicating EGFR
signaling in PAI-1/CTGF gene control following microtubule disruption. Nocodazole,
moreover, similarly stimulated EGFR activation and AG1487 pretreatment virtually
eliminated PAI-1 induction by nocodazole in a dose dependent fashion (Figure 4F). Consistent
with the pharmacologic blockade, adenoviral delivery of the kinase-dead GFP-EGFRK721A

mutant (EGFRKD), but not a GFP-control construct, significantly attenuated (by >75%) EGF-
directed EGFR phosphorylation overall and, particularly, at the Y845 residue (Figure 4G).
EGFRK721A also completely inhibited both EGF- and colchicine-stimulated PAI-1 induction
(Figure 4H). While all three stimuli (EGF, TGF-β1, colchicine) markedly increased PAI-1
expression in EGFR1 wild-type (EGFR1+/+) fibroblasts, they were completely ineffective in
EGFR1-deficient (EGFR1−/−) MEFs (e.g., Figure 5A). PAI-1 responsiveness, moreover, was
restored in EGFR−/− cells engineered to re-express a wild-type EGFR1 construct (Figure 5B,C)
suggesting that an EGFR1 with intact kinase activity is necessary for induced PAI-1 expression.

Differential MEK/ERK involvement in colchicine-induced PAI-1 and CTGF expression
ERK1/2 activation is evident within 30 minutes and maximal at 2–4 hrs post-colchicine
addition (Figure 6A), a time frame consistent with ERK involvement downstream of the EGFR,
and sensitive to the two MEK inhibitors U0126 (Figure 6B) and PD98059 (Figure 6C). While
the PAI-1 response to microtubule disruption requires MEK signaling, MEK kinase activity is
dispensable for CTGF induction by colchicine in VSMC (Figures 6B,C) indicating a
differential ERK1/2 requirement for PAI-1 vs. CTGF expression in response to cytoskeltal
deformation. Nocodazole treatment similarly stimulated ERK1/2 phophorylation (Figure 2G)
which is also required for PAI-1 induction by this microtubule disrupting drug (Figure 6D).
Since AG1478 pretreatment inhibits colchicine or nocodazole-mediated PAI-1 induction
(Figure 4C–F, 6E), it was necessary to assess the potential upstream involvement of the EGFR
in signal propagation to ERK1/2. Increased ERK1/2 phosphorylation (Figure 6F) and PAI-1
expression (Figure 6E) following colchicine, nocodazole or TGF-β1 addition is virtually
ablated by pretreatment of VSMC with AG1478 as well as U0126 (Figure 6E,F). Colchicine
stimulates ERK1/2 phosphorylation, moreover, in EGFR+/+ but not EGFR−/− MEFs (Figure
6G), confirming the necessity for a functional EGFR1→ERK1/2 signaling axis for PAI-1
induction in response to microtubule disruption.
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ROS involvement in EGFR activation and PAI-1 induction by microtubule disruption
Colchicine addition rapidly generated (within 2 minutes) an increase in ROS (Figure 7A) that
preceded the initial window of EGFR phosphorylation (15 to 30 minutes) (Figure 2A). NAC
and DPI, established ROS scavengers, completely inhibited both colchicine-induced EGFR
phosphorylation (Figure 7B,C) and PAI-1 expression (Figure 7D,E) suggesting a direct
upstream signaling role of ROS in PAI-1 induction via EGFR transactivation. Indeed, ERK1/2
phosphorylation following microtubule disruption is effectively diminished by NAC or DPI
pretreatment (Figure 7F), while neither inhibitor affected EGFR phosphorylation (Figure
7B,C) or ERK1/2 activation (not shown) in response to EGF.

SMAD2/3 activation in response to microtubule disruption is required for PAI-1, but not
CTGF, induction

SMAD2/3 are phosphorylated in VSMCs within 1–2 hours post-colchicine stimulation (Figure
8A–C) in contrast to the rapid (within 15 minutes), and more robust, increase in pSMAD2
levels in response to TGF-β1 (Figure 8D). A specific inhibitor of SMAD3 (SIS3) [30]
eliminated PAI-1 and CTGF induction by TGF-β1. SIS3 pretreatment also completely inhibited
PAI-1, but only marginally CTGF, expression in colchicine-stimulated cells suggesting a
differential involvement of SMAD3 in the activation of specific profibrogenic factors by
cytoskeletal deformation (Figure 8E). Importantly, SIS3 did not affect ERK1/2
phosphorylation in either TGF-β1 or colchicine treated VSMC (Figure 8F) supporting both the
specificity of SIS3 and the functionality of the EGFR→MEK/ERK pathway in the presence
of SIS3. Clearly, ERK1/2 activation in the absence of SMAD3 signaling is not sufficient for
PAI-1 induction in response to either TGF-β1 or colchicine.

In view of the similarities in the repertoire of participating signaling intermediates (e.g., EGFR,
c-src, Rho/Rock, MEK/ERK1/2) between the microtubule- and TGF-β1-initiated pathways of
PAI-1 induction (this paper; [28]), and previous observations that TGF-β1 expression is also
regulated by cytoskeletal deformation [13], it was important to determine if colchicine-
stimulated PAI-1 expression was mediated by an autocrine TGF-β1 loop. Pretreatment with
TGF-β1 neutralizing antibodies markedly decreased TGF-β1-induced PAI-1 and CTGF
expression (as anticipated) confirming the relevance of this approach to block TGF-β1-initiated
signaling (Figure 9A). Colchicine-stimulated PAI-1 or CTGF expression, in contrast, was
unaffected by TGF-β1 neutralizing antibody blockade regardless of the pretreatment
concentration suggesting that autocrine TGF-β1 loop and/or ligand-dependent TGF-βR
activation is not likely involved in the microtubule deformation pathway leading to PAI-1 or
CTGF induction (Figure 9A). Moreover, pretreatment with SB431542, a specific inhibitor of
the TGF-β1 activin receptor-like kinases (ALKs) ALK-4 (activin type I receptor), ALK-5
(TGF-β type I receptor), and ALK-7 (nodal type I receptor) did not affect colchicine-stimulated
PAI-1 expression while effectively eliminating both PAI-1 induction (Figure 9B) and SMAD2
phosphorylation (not shown) in response to TGF-β1.

SMAD2/3 activation and PAI-1/CTGF induction by microtubule alterations requires Rho-
ROCK signaling

Colchicine treatment of quiescent R22 cells increased RhoA GTP loading (within 15–30
minutes) while total RhoA (GDP-and GTP-bound) levels remained unchanged (Figure 10A).
Interference with either Rho or ROCK signaling by pretreatment with C3 transferase or
Y-27632, respectively, inhibited SMAD2/3 phosphorylation in response to colchicine without
altering either total SMAD2/3 or TGF-βRI receptor levels implicating an upstream role for
Rho/ROCK as modulators of SMAD activation by tubulin network collapse (Figure 10B–D).
The EGFR inhibitor, AG1478, in contrast, failed to affect colchicine-mediated pSMAD2/3
levels (Figure 10D). Prior incubation with C3 transferase and Y-27632 eliminated colchicine-
stimulated PAI-1 as well as CTGF expression suggesting involvement of the Rho/ROCK
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system in both the microtubule disruption-sensitive and TGF-β1-mediated pathways leading
to PAI-1 and CTGF induction (Figure 11A–C). Rho/ROCK-dependent PAI-1 expression upon
stimulation with colchicine or TGF-β1 is not restricted to vascular smooth muscle cells as
human (HaCaT) keratinocytes responded similarly (Figure 11D).

DISCUSSION
Microtubule disruption, in colchicine or nocdazole-treated cells, is associated with transient
EGFR phosphorylation, specifically at the EGFRY845 src family kinase target residue.
Adenoviral delivery of a kinase dead GFP-EGFRK721A mutant, or preincubation with AG1478,
similarly inhibited colchicine-dependent PAI-1 expression, supporting the necessity for a
functional EGFR in signal propagation. Colchicine-stimulated ERK1/2 phosphorylation, in
fact, is evident in EGFR+/+ but not EGFR−/− fibroblasts positioning the MEK-ERK cascade
as a downstream EGFR target that mediates microtubule collapse-associated PAI-1 expression.
ROS generation in colchicine-treated cells, moreover, appears crucial for EGFR transactivation
as ROS inhibitors (e.g., NAC and DPI) ablate both EGFR phosphorylation and PAI-1
induction. EGFR transactivation by non-EGF initiators [28,31–35] and subsequent ERK1/2
phosphorylation, at least in response to microtubule disruption or changes in cellular tension,
is dependent on ROS generation/signaling in sharp contrast to the native ligand (EGF)
highlighting stimulus-specific modes of EGFR mobilization [17,35–37]. While ERK1/2
activation is required for PAI-1 induction, MEK inhibition with either U0126 or PD98059
suggests that these kinases are dispensable for colchicine-stimulated CTGF expression,
consistent with previous observations in other cell types [14].

Cytoskeletal-deformation efficiently stimulated RhoA-GTP loading and Rho/ROCK signaling
is critical for colchicine-induced PAI-1, as well as CTGF, expression (this paper, [14]). The
Rho guanine exchange factors GEF-H1 and p190Rho-GEF interact with microtubules [2,4,
38]. Microtubule disassembly, therefore, may lead to aberrant release of these GTP-exchange
factors activating, thereby, Rho family members [4,38]. GEF-H1 suppression, in fact, retards
nocodazole-induced Rho-GTP loading in HeLa cells [39], consistent with the observation that
stabilization of the microtubule skeleton by Paclitaxel (Taxol) pretreatment prior to colchicine
or nocodazole addition inhibits microtubule-induced PAI-1 and CTGF expression.
Microtubules also anchor SMAD proteins likely to maintain these receptor-activated signaling
effectors in an inactive configuration. Tubulin network collapse may release cytoskeletal
restrains on SMAD2/3 trafficking, facilitating SMAD phosphorylation, nuclear translocation,
and transcriptional activity [2,40]. Clearly, colchicine-mediated PAI-1 or CTGF induction does
not involve an autocrine TGF-β1 loop regardless of commonalities in signaling elements (e.g.,
EGFR, Rho/ROCK, MEK-ERK1/2, SMAD2/3) that mediate TGF-β1- and colchicine-
stimulated PAI-1 expression (this paper; [28]). Pretreatment with SB431542, a specific
inhibitor of the TGF-βRI kinase, furthermore, has no effect on colchicine-mediated PAI-1
induction, but completely eliminates SMAD2/3 activation and the response of the PAI-1 gene
to TGF-β1. These findings are not without precedent. It has become increasingly evident that
SMAD signaling can be initiated by non-TGF-β superfamily ligands independent of the TGF-
βRI [41]. Nocodazole-induced SMAD2 phsophorylation is also not dependent on TGF-βRI
kinase activity [40]. Relative to the increased levels and kinetics of SMAD2/3 phosphorylation
evident in colchicine-treated VSMC (this paper), the time course and amplitude of nocodazole-
stimulated pSMAD2 is similarly delayed and significantly less, respectively, than that
associated with TGF-β1 exposure. MPS1 (a kinase activated by microtubule disruption) may,
in fact, phosphorylate SMAD2 and initiate transcriptional responses independent of TGF-βR
involvement [40]. Most novel, however, is the identification of the upstream role of Rho/Rock,
but not the EGFR pathway, as a modulator of SMAD2/3 phosphorylation induced by
cytoskeletal deformation similar to Rho involvement in TGF-β1-stimulated SMAD2/3
activation ([28]; Figure 12). Importantly, activation of SMAD3 is crucial for PAI-1 expression

Samarakoon et al. Page 6

Cell Signal. Author manuscript; available in PMC 2010 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



by microtubule disruption suggesting the necessity of both Rho/ROCK/SMAD and EGFR/
ERK signaling cascades in this inductive response.
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Abbreviations
PAI-1  

plasminogen activator inhibitor-1

CTGF  
connective tissue growth factor

EGFR  
epidermal growth factor receptor

ROS  
reactive oxygen species

ERK  
extracellular signal-regulated kinases

ROCK  
Rho-associated, coiled-coil containing protein kinase

TGF-β  
transforming growth factor-β

SMAD2/3  
TGF-β receptor-activated signaling effectors

GEF  
guanine nucleotide exhange factor

uPA  
urokinase plasminogen activator

COX-2  
cyclooxygenase-2

VEGF  
vascular endothelial growth factor

MMP  
matrix metallotproteinase

VSMC  
vascular smooth muscle cells

MEF  
mouse embryonic fibroblasts

DMEM  
Dulbecco’s modified Eagle’s medium

FBS  
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fetal bovine serum

EGF  
epidermal growth factor

NAC  
N-acetyl cysteine

DPI  
diphenyleneiodonium chloride

DCF-DA  
dichlorofluorescein diacetate

GFP  
green fluorescence protein
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Figure 1. PAI-1 expression in response to microtubule disruption
Exposure of quiescent VSMC to colchicine (10 μM in A,B) or nocodazole (2 μM in C) for 4
hours alters cell morphology (A), due to disruption of the tubulin network (B,C), and results
in concentration-dependent increases PAI-1 levels (B,D,E). A 1 hour pre-incubation with the
microtubule-stabilizing drug Paclitaxel, particularly at 2 and 5 μM, effectively suppressed
colchicine-induced (10 μM) (F,G) or nocodazole-stimulated (1 μM) (G), but not TGF-β1-
initiated (F), PAI-1 and CTGF expression. ERK2 (D), EGFR and SMAD2/3 (E,F) provided
loading controls. Exposure to colchicine and nocodazole (or DMSO vehicle) and TGF-β1, in
all cases, was for 4 hours. In (G), C = control (drug-free), Col = colchicine, Noc = nocodazole,
Pac = paclitaxel; data plotted is the mean±SD of triplicate western assessments of PAI-1 levels.
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Figure 2. Colchicine exposure stimulates EFGR/c-Src kinase phosphorylation
Western analysis using phospho-tyrosine (4G10) and c-src kinase pY416 residue- specific
antibodies indicated that both c-src kinase (A–C) and the EGFR (A,D) are tyrosine
phosphorylated following colchicine addition. While the magnitude of EGFR tyrosine
phosphorylation initiated by colchicine is significantly less than that induced by the physiologic
ligand EGF (E), phosphorylation of the EGFRY845 residue (an established Src kinase target)
is a rapid response to cytoskeletal deformation in VSMC (F). Similar to colchicine, nocodazole
treatment also results in EGFR and ERK1/2 activation suggesting that stimulation of
downsteam signaling is a general consequence of microtubule disruption (G).
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Figure 3. Role of Src family kinases in cell deformation induced PAI-1 induction
Colchcine treatment induced a rapid increase (within 15 minutes) in Src kinase activation (as
assessed by phosphorylation at the SrcY416 site) without alterations in total amounts c-Src
protein (A). PAI-1 induction was clearly evident in colchicine-stimulated wild-type mouse
embryonic fibroblasts (SYF+/+/+ MEFs) but not in Src, Yes and Fyn triple-null cells
(SYK−/−/− MEFs) (B). Such genetic approaches validate a crucial function of Src non-receptor
tyrosine kinases in PAI-1 expression in response to microtubule deformation.
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Figure 4. Involvement of EGFR in colchicine-mediated PAI-1 and CTGF expression
AG1478 completely inhibited EGF-dependent (4G10 antibody-reactive) EGFR tyrosine
phosphorylation as expected (A) and significantly attenuated PAI-1 expression (B) in VSMC.
AG1478 pretreatment similarly blocked PAI-1 and CTGF induction in response a 4-hour
exposure to either colchicine or TGF-β1 (C,D,E). Exposure to EGF and TGF-β1 for EGFR
phosphorylation (A) and PAI-1 expression (B) assessments was for 30 minutes and 4 hours,
respectively. DMSO solvent alone had no effect on either EGFR phosphorylation or PAI-1
induction (A,B). Data plotted in (D) is the mean±SD of triplicate western determination of
PAI-1 levels in control (C) cultures, in colchicine (Col) or AG1478 (AG) treated VSMC and
in cells pretreated with AG1478 (at 1 or 2.5 μM) prior to colchicine addition. As was the case
for colchicine, nocodazole- mediated PAI-1 induction was also AG1478-sensitive (F). EGF-
dependent EGFR phosphorylation, and specifically EGFRY845-induced phosphorylation, are
significantly reduced following infection with a mutant GFP-EGFRK721A (kinase-dead;
EGFRKD) adenoviral construct, compared to the EGFR phosphotyrosine levels in cells
identically infected with the GFP-control virus (GFP), confirming function-blocking status of
this mutant construct (G). Similar to the effective blockade of EGF-stimulated PAI-1 induction
by the GFP-EGFRK721A construct, but not by GFP-control adenoviruses, colchicine-mediated
PAI-1 expression is also completely eliminated by GFP-EGFRK721A viral infection confirming
EGFR involvement in PAI-1 gene regulation.
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Figure 5. EGFR1-null MEFs do not express PAI-1 in response to stimulation with colchicine or
TGF-β1
Colchicine-, as well as TGF-β1, -dependent increases in PAI-1 levels are evident in
EGFR+/+ but not EGFR−/− MEFs (A). EGFR−/− cells were infected with adenoviruses bearing
wild-type EGFR1 (Ad-EGFR) or control-GFP (Ad-GFP) constructs; expression of the
introduced EGFR was confirmed by western blotting (B). Phosphorylation of the EGFR and
ERK1/2 in response to a 15 minute EGF stimulation occurred in EGFR-reconstituted MEFs
but not in cells infected with GFP-control adenoviruses (B). Similarly, recovery of TGF-β1-
stimulated PAI-1 expression was obvious for EGFR-reconstituted MEFs and not in cells
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engineered to express GFP alone (C). Data plotted in (C) is the mean±SD of triplicate western
assessments of cellular PAI-1 levels.
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Figure 6. Role of the EGFR→MEK/ERK pathway in colchicine-induced PAI-1, but not CTGF,
expression
ERK1/2 is activated within 15–30 minutes of colchicine exposure with maximal
phosphorylation evident at approximately 4 hours (A). PAI-1 induction by microtubule
deformation, as well as by TGF-β1, is effectively ablated by pretreatment with the MEK
inhibitors U0126 (B) or PD98059 (C). Colchicine-stimulated CTGF expression, in contrast,
is insensitive to MEK inhibitors even at the highest concentration of U0126 or PD98059 (20
μM) (B,C). Nocodazole-mediated PAI-1 induction has similar MEK signaling requirements
as PD98059 pretreatment virtually eliminates this response (D). PAI-1 expression (E) and
ERK1/2 phosphorylation (F) in response to colchicine or TGF-β1 is also sensitive to
preincubation of VSMC with the specific EGFR inhibitor AG1478. Colchicine-induced
ERK1/2 phosphorylation, moreover, is evident in EGFR+/+ but not in EGFR−/− cells (G).
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Figure 7. ROS generation is required for EGFR transactivation and PAI-1 induction in response
to microtubule deformation
Reactive oxygen species (H2O2) are rapidly generated (within 2 minutes) following colchicine
addition (A). Colchicine-stimulated EGFR phosphorylation, but not that in VSMC exposed to
EGF, is effectively inhibited by a 30 minute pretreatment with the ROS scavengers NAC (B)
or DPI (C). NAC and DPI suppressed both PAI-1 induction (D,E) and ERK1/2 activation
(F), two critical downstream targets of EGFR signaling, following colchicine-initiated
microtubule disruption.
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Figure 8. SMAD3 signaling is required for PAI-1 but not CTGF induction by colchicine
SMAD2 (A) and SMAD3 (B) are phosphorylated in VSMC with similar delayed kinetics
(requiring 1 to 2 hours) upon colchicine addition. Overall pSMAD content increases by >4-
fold in colchicine-stimulated cultures (C). Data plotted in (C) is the mean±SD of triplicate
western determinations of cellular pSMAD2/3 levels; C = unstimulated quiescent VSMC, Col
= colchicine-treated cells. These responses are in sharp contrast to the rapidity (within 15
minutes) and magnitude of TGF-β1-induced SMAD2 phosphorylation (D). Pretreatment with
SIS3, a specific SMAD3 inhibitor, eliminated PAI-1 expression in response to both
microtubule disruption and, as expected, TGF-β1 (E). Increased ERK1/2 phosphorylation in
TGF-β1- and colchicine-stimulated VSMC was unaffected by SIS3 (F).
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Figure 9. Colchicine-mediated PAI-1 and CTGF induction occurs independently of autocrine TGF-
β1 signaling or TGF-βRI activity
Pretreatment of VSMC with TGF-β1 neutralizing antibodies (20 μg/ml) eliminated PAI-1 and
CTGF expression in response to TGF-β1 (A). Colchicine-stimulated PAI-1/CTGF induction,
in contrast, is not affected by TGF-β1 neutralizing antibodies regardless of the pretreatment
concentration (10–40 μg/ml) (A). Incubation with the ALK4, 5, and 7 TGF-βRI kinase inhibitor
SB431542 completely suppressed TGF-β1-initated SMAD2 phosphorlyation (not shown) and
PAI-1 expression as expected (B). SB431542, however, did not block the PAI-1 response to
colchicine-mediated microtubule network collapse (B).
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Figure 10. RhoA is activated by alterations in microtubule architecture and is required for SMAD
phosphorylation
Colchicine treatment of quiescent R22 VSMC rapidly stimulated RhoA GTPase loading
(within 15–30 minutes) while total levels of cellular RhoA (both GDP- and GTP-bound) remain
unaltered (A). To further assess the potential participation of the Rho pathway in colchicine-
initiated SMAD activation, VSMC were incubated with specific inhibitors of Rho (C3
transferase) and its downstream effector ROCK (Y27632) prior to colchicine addition.
Colchicine-mediated SMAD2 phosphorylation was blocked by both C3 transferase (B) and
Y-27632 (C) suggesting an upstream role for activated Rho GTPase and ROCK in SMAD2
activation following microtubule disruption. AG1478, an inhibitor of EGFR signaling,
however, has no effect on colchicine-induced SMAD2/3 phosphorylation (D). Total SMAD2/3
protein and TGF-βRI levels are not altered by inhibition of Rho, ROCK or EGFR signaling.
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Figure 11. Rho/ROCK signaling is required for PAI-1/CTGF expression in response to both
microtubule disruption and TGF-β1
Pretreatment of R22 VSMC with the Rho or ROCK inhibitors C3 transferase and Y27632,
respectively, effectively blocked both colchicine- (A,B) and TGF-β1- (B) stimuated PAI-1 and
CTGF expression at all tested concentrations illustrating Rho signaling involvement in the
microtubule deformation- and TGF-β1-mediated PAI-1 inductive responses. Data plotted in
(C) is the mean±SD of triplicate western assessments of PAI-1 levels in control (C) R22
cultures, in colchicine (Col), C3 transferase (C3) and Y27632 (Y) treated VSMC as well as in
R22 cells pretreated with C3 and Y prior to colchicine addition. Rho/ROCK-involvement in
PAI-I expression in response to colchicine and TGF-β1 is not limited to VSMC as a similar
dependency is also evident in immortalized human (HaCaT) keratinocytes (D).
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Figure 12. Alterations in the microtubule cytoskeleton initiates multiple signaling events that lead
to PAI-1 expression
Drug-initiated microtubule disassembly mobilizes several signaling pathways that impact
PAI-1 transcription. Colchicine- induced disruption of microtubule cytoskeleton leads to the
activation of EGFR and Src family kinases, perhaps as a consequence of an increase in the
generation of ROS. pp60c-src-phosphorylated EGFR (at the Y845 site) signals to MEK-ERK
initiating ERK interactions with specific transcription factors (TFs), including members of the
bHLH-LZ family that are known to be MAP kinase targets [28] and which initiate PAI-1 gene
expression via the ERK1/2 pathway [9]. Colchicine also stimulates SMAD2/3 phosphorylation
(at the c-terminal end) independent of the TGF-β1-ligand dependent mechanisms (e.g., de
novo synthesis or release of the active form of TGF-β1 from the matrix) and independent of
TGF-β1 receptor activity. pSMAD2/3 may cooperate with pERK1/2-activated bHLH proteins
to initiate PAI-1 transcription. Mobilization of the RhoA/ROCK pathway downstream of
microtobule deformation appears necessary for sustaining SMAD phsophorylation and
subsequent PAI-1 induction [28]. In this model, stimulation of the Rho/Rock pathway by a
microtubule-dependent increase in Rho GEF function may regulate the activity of specific
SMAD phosphatases (e.g., PPM1A) impacting, thereby, the duration of SMAD-dependent
transcription of target genes such as PAI-1. MEK/ERK involvement downstream of ROS
generation was critical for PAI-1, but not CTGF, expression following microtubule
perturbation suggesting bifurcation of pathways downstream of EGFR activation. Colchicine-
initiated SMAD3 phosphorylation, moeover, was essential for PAI-1, but not CTGF,
expression further highlighting divergence of signaling events downstream of Rho/ROCK.
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