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Another twist in the transforming growth factor
B-induced cell-cycle arrest chronicle
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embers of the transforming

growth factor B (TGF-B)

superfamily of cytokines

are important regulators of
many fundamental cellular and develop-
mental processes, including cell fate de-
termination, proliferation, differentia-
tion, migration, and apoptosis (1).
TGF-B also harbors a paradoxical dual
role in tumorigenesis. During early tu-
mor development, TGF-B has tumor-
suppressor-like activity because of its
ability to inhibit cell-cycle progression
and tumor growth. However, many late-
stage, dedifferentiated tumor cells be-
come refractory to the growth inhibition
mediated by TGF-, either because of
genetic loss of TGF-f signaling compo-
nents or downstream perturbation of the
signaling pathway (2). In addition, late-
stage tumors often display increased
TGF-B expression (3), which is thought
to enhance the motility and metastasis
potential of these cells (4). Furthermore,
although TGF-B is a potent growth in-
hibitor to most normal epithelial cells, it
can also stimulate the proliferation of
some fibroblastic cell lines, such as NITH
3T3 (5). The molecular mechanisms un-
derlying the basis of these differential
responses to TGF-B have not been elu-
cidated. However, in this issue of PNAS,
Bhowmick et al. (6) have now shed
some light on an important clue of al-
ternative signaling pathways involved in
TGF-B-mediated growth regulation. By
analyzing the paradoxical effects of
TGF-B on epithelial cells versus fibro-
blasts, Bhowmick et al. (6) have uncov-
ered a TGF-B growth-inhibitory
pathway that links RhoA/p160ROCK to
Cdc25A and at least partially explains
the different response of epithelial cells
and fibroblasts to TGF-p.

TGF-B signals through a heteromeric
transmembrane complex composed of
two type I and two type II receptor
serine/threonine kinases (Fig. 1) (7).
On TGF-B binding, the type I and type
II receptors are brought together, result-
ing in the activation of the dormant ki-
nase activity of the type I receptor. The
activated type I receptor then propa-
gates the signal by phosphorylation of
Smad proteins. Activated Smad com-
plexes rapidly translocate to the nucleus
and regulate, in collaboration with other
cofactors, the transcription of target
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TGF-B signaling pathway. TGF-B binding to the type Il receptor results in phosphorylation and

activation of the type | receptor. The activated type | receptor then phosphorylates the receptor-associated
SMADs (SMAD 2/3) that promote dimer or trimer formation with SMAD4 followed by nuclear translo-
cation. SMAD complexes, in collaboration with cofactors, modulate transcription of TGF-B target genes.
Induction of cell-cycle arrest by TGF-Binvolves transcription of CDK inhibitors p15'NK4b and p21€IP1, p15/Nkab
specifically inhibits CDK4/6, whereas p21°P! inhibits cyclin E-CDK2 complexes. The inhibited cyclin-CDK
complexes can drive progression of the cell cycle for a longer time. Activation of CDK2 requires phos-
phorylation of its Thr-160 residue by CAK and removal of inhibitory phosphates on Thr-14 and Tyr-15 by
Cdc25A phosphatase. The new pathway proposed by Bhowmick et al. (6) involves TGF-B activation of the
RhoA/p160ROK signaling pathway. By an undefined mechanism, TGF-g activates RhoA and causes the
translocation of p160RO<K to the nucleus, where it phosphorylates and inactivates Cdc25A and thereby

prevents activation of CDK2.

genes. One key event leading to TGF-g-
mediated growth arrest involves the in-
hibition of cyclin-dependent kinases
(CDKs). CDKs and their binding part-
ners, the cyclins, form an active complex
that positively regulates G; phase cell-
cycle progression (8).

To promote G; phase, CDK4/6 asso-
ciates with D-type cyclins, whereas
CDK?2 activation requires association
with cyclin E. G; phase progression is
also subject to negative regulation by
CDK inhibitors, CIP/KIP and INK4
family members (8). INK4 family mem-
bers (p16NK4a, plSINK4b, plSINK4d, and
p19INK4d) gpecifically bind to and inhibit
the activity of CDK4 and CDK6 and
thereby prevent their association with
D-type cyclins. In addition, CIP/KIP
family members (p21¢™®1, p27XIP1 and
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p57¥IP2) can bind directly to active cy-
clin D-CDK4/6 and cyclin E-CDK2
complexes to inhibit their activity by
blocking the catalytic site of the CDK.
In epithelial cells, the best-characterized
cytostatic gene response to TGF-p in-
volves up-regulation of both p15NK4b
and p21€™P!1 and repression of c-myc, an
important transcriptional activator re-
quired for cell proliferation (9-12).
TGF-B also modulates the posttranscrip-
tional control of cell-cycle progression
by activation of protein phosphatase 2A
(PP2A), which, in turn inactivates

See companion article on page 15548.
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p70°%%, a serine/threonine kinase that
induces translation of mRNAs and is
essential for G1/S phase progression
(13). Through an as-yet-to-be-defined
signaling mechanism, TGF-B signaling
can also lead to the inhibition of the
CDK activating kinase (CAK) (14) and
down-regulation of the CDK-activating
phosphatase Cdc25A (15).

The data of Bhowmick et al. (6) add a
dimension to the complex network of
TGF-p signaling and subsequent cell-
cycle arrest. This study was initiated by
a previous observation from the same
group that TGF-B could rapidly activate
RhoA, a small GTPase involved in actin
rearrangement, in several epithelial cells
but not in NIH 3T3 fibroblasts (16).
Following this lead, they uncovered a
pathway where RhoA and its effector
kinase p160ROCK directly inhibit the ac-
tivity of Cdc25A to induce cell-cycle ar-
rest on TGF-B treatment in epithelial
cells but not in fibroblasts. Cdc25A is a
member of the Cdc25 family of dual-
specificity protein phosphatases that
function as positive regulators of cell-
cycle progression. Cdc25 phosphatases
activate CDKs by dephosphorylating
their inhibitory threonine and tyrosine
phospho residues (Thr-14-PO4 and Tyr-
15-PO4 on CDK?2) (17). The inhibition
of Cdc25A activity observed after treat-
ment with TGF-B contributes to the in-
duction of a cell-cycle arrest due in part
to decreased CDK2 activity.

In normal murine mammary gland
NMuMG epithelial cells, the work of
Bhowmick et al. (6) unequivocally dem-
onstrates that signaling through RhoA
and its effector kinase p160ROCK is a
key event in TGF-p inhibition of cell
proliferation. The activation of this
pathway by TGF- seems to be required
for cell-cycle arrest, because inhibition
of p160ROCK by the use of either a spe-
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cific inhibitor or by siRNA abrogates
the effect of TGF-B. Furthermore, reac-
tivation of p160ROK through RhoA sig-
naling in TGF-B-treated NIH 3T3 cells
reverted the response from growth stim-
ulation to growth inhibition. TGF-3
treatment of NMuMG epithelial cells
induced relocalization of p160ROCK from
the cytoplasm to the nucleus; this relo-
calization correlated with increased lev-
els of phosphorylated Cdc25A and inhi-
bition of Cdc25A phosphatase activity.
The data presented provide evidence

Signaling through
RhoA is a key event
in TGF-B inhibition

of the cell cycle.

that p160ROCK directly interacts with
and phosphorylates Cdc25A to mediate
its inhibition. However, the exact target
phosphorylation site on Cdc25A re-
mains elusive and will require further
investigation.

Although these findings offer a previ-
ously uninvestigated TGF-B-regulated
pathway to cell-cycle arrest, how TGF-3
activates RhoA in the first place and
why this pathway is not activated in fi-
broblasts remain unclear. In addition,
the mechanism by which TGF- induces
proliferation of fibroblasts remains un-
answered. Cdc25A is also involved in
cell-cycle arrest in response to DNA
damage. The ATM and ATR protein
kinases activate the checkpoint kinases
Chk1 and Chk?2 that lead to Cdc25A
hyperphosphorylation and ubiquitin-
mediated proteolysis of Cdc25A (18-
20). Bhowmick et al. (6) suggest that
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cell-cycle arrest induced by TGF-B (sim-
ilar to genotoxic stress) would occur in a
“two-wave” response. The first step in-
volves the rapid inhibition of Cdc25A by
RhoA signaling and a posttranslational
mechanism, and the second step would
involve transcriptional modulation of
important regulators of cell-cycle pro-
gression by Smad complexes.

The RhoA/p160ROCK pathway is
best characterized for its role in many
motile responses that involve the actin-
cytoskeleton and microtubule networks
(21). p160ROCK js involved in actin-
cytoskeleton assembly and cell contrac-
tility by controlling stress fiber and focal
adhesion complex formation (21). In
previous work, Bhowmick et al. (16)
showed that in NmuMG epithelial cells
TGF-B activates a RhoA-dependent sig-
naling pathway involved in the forma-
tion of stress fibers and induction of
epithelial to mesenchymal transdifferen-
tiation (EMT). EMT is a process by
which a polarized epithelial cell is con-
verted into a motile cell. This process is
also involved in the dedifferentiation
program that leads to progression of
malignant carcinoma (22). The fact that
TGF-B uses the RhoA signaling pathway
to induce cell-cycle arrest and EMT at
the same time is puzzling. It is possible
that, depending on the epithelial cell
type and context, TGF-B induction of
EMT requires a cell-cycle arrest neces-
sary for the cytoskeletal changes to oc-
cur before migration of cells. The find-
ings of Bhowmick ez al. (6) also raise an
important question of whether RhoA
modulates Cdc25A activity in other
circumstances where TGF-8 is not in-
volved. Regardless, these observations
not only represent a step forward in our
understanding of the complexity of
TGF-pB signaling and growth arrest, but
also uncover a previously uninvestigated
cell-cycle regulation mechanism.
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