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Transforming growth factor-β (TGF-β) signaling promotes
cancer progression. In particular, the epithelial–mesenchymal
transition (EMT) induced by TGF-β is considered crucial to
the malignant phenotype of cancer cells. Here, we report that
the EMT-associated cellular responses induced by TGF-β are
mediated by distinct signaling pathways that diverge at Smad3.
By expressing chimeric Smad1/Smad3 proteins in SMAD3
knockout A549 cells, we found that the β4 region in the Smad3
MH1 domain is essential for TGF-β-induced cell motility, but
is not essential for other EMT-associated responses including
epithelial marker downregulation. TGF-β was previously re-
ported to enhance cell motility by activating Rac1 via phos-
phoinositide 3-kinase. Intriguingly, TGF-β-dependent
signaling mediated by Smad3’s β4 region causes the down-
regulation of multiple mRNAs that encode GTPase activating
proteins that target Rac1 (ARHGAPs), thereby attenuating Rac1
inactivation. Therefore, two independent pathways down-
stream of TGF-β type I receptor contribute cooperatively to
sustained Rac1 activation, thereby leading to enhanced cell
motility.

Transforming growth factor-β (TGF-β) is a pleiotropic
cytokine that regulates a wide variety of cellular processes
ranging from embryogenesis to adult tissue homeostasis. TGF-
β signals principally through Smad proteins. Smad2 and
Smad3, termed receptor-regulated Smads, are phosphorylated
at their C termini by TGF-β type I receptor activated by ligand
stimulation. Thereafter, phosphorylated Smad2 and Smad3
form a heterotrimeric complex with Smad4 before they are
translocated into the nucleus. The Smad complex subse-
quently regulates gene expression by binding to genomic
regulatory regions in cooperation with Smad-binding tran-
scription factors and coregulatory proteins (1).

Smad-binding transcription factors are known collectively
as “Smad cofactors.” Smad cofactors are thought to assist in
selective as well as stable binding of Smad proteins to genomic
DNA, thereby enabling context-dependent Smad-mediated
transcription in various target cells (2). Alternatively, activated
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Smad proteins can regulate gene expression indirectly by
interacting physically with other transcription factors, thereby
either repressing or derepressing their functions (3–5). Smad
proteins also promote miRNA processing upon their activa-
tion by TGF-β (6). In addition to these Smad-dependent
pathways, TGF-β can transmit signals independently of
Smad proteins. Examples of such pathways include Shc-
mediated activation of the Ras-MAP kinase pathway (7) and
TRAF4/6-mediated activation of p38 MAP kinases, c-Jun N-
terminal kinases, and phosphoinositide 3-kinase (PI3K) (8, 9).

TGF-β has two opposing effects on cancer progression (10).
In normal cells, TGF-β inhibits cell cycle progression and
contributes to genome stability. In addition, TGF-β induces
apoptosis in some cell types, thereby suppressing carcinogen-
esis. However, in transformed cells, TGF-β induces epithelial–
mesenchymal transition (EMT) and promotes cancer cell
malignancy (11). EMT is a process by which cells alter their
phenotypic features from epithelial to mesenchymal and is
characterized by acquisition of spindle cell morphology,
destabilization of adherens junctions, actin stress fiber for-
mation, and enhanced cell motility as well as invasiveness (12).
These cellular responses are mediated primarily through the
coordinated actions of EMT-associated transcription factors
(EMT-TFs), each of which confers distinct phenotypes to
target cells (13). EMT phenotypes can therefore be variable
and sometimes “partial” depending on the EMT-TFs utilized
in each context that reflects target cell types or the nature of
extracellular signaling cues (EMT-TF code) (14).

To initiate EMT, TGF-β transmits signals that upregulate
expression of transcription factors that drive EMT, such as
Snail and ZEB1 (4, 15–19). However, TGF-β also activates
multiple signaling pathways, including PI3K and the Rho family
GTPases, which are also involved in EMT-associated cellular
responses (9, 20, 21). Therefore, TGF-β-induced EMT appears
to be modulated by these additional signaling pathways.

Intriguingly, there have been indications that signaling
pathways that promote cell motility may diverge at the Smad
proteins from those leading to upregulation of EMT-TFs. An
Id-like helix-loop-helix protein, Maid, suppresses TGF-β-
induced cell motility, but not other EMT-associated responses,
including E-cadherin downregulation and actin stress fiber
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Sustained Rac1 activation by TGF-β
formation, in normal murine mammary gland epithelial cells
(NMuMG cells) (22).

In this study, we examined signaling pathways leading to
EMT-associated cellular responses using A549 human lung
adenocarcinoma cells, which are known to undergo complete
EMT in response to TGF-β. By expressing either wild-type or
mutant Smad3 exogenously in SMAD3-knockout A549 cells,
we observed divergence of the pathways that lead to epithelial
marker downregulation and cell motility, at Smad3. We
further dissected the pathways needed for TGF-β-induced cell
motility. The PI3K pathway is known to play a crucial role in
enhanced cell motility induced by TGF-β (23). We found that
the transcription pathway mediated by the β4 region of the
Smad3 MH1 domain is also essential. The PI3K pathway
activates Rac1 by activating Rac-GEFs (24) while the Smad3
β4 region-mediated pathway dictates downregulation of
GTPase-activating proteins that target Rac1, thereby pre-
venting Rac1 inactivation. Therefore, two pathways down-
stream of TGF-β cooperatively induce sustained Rac1
activation to enhance cell motility. The findings of this study
help explain why TGF-β-induced cell motility requires a
Smad-dependent transcriptional program in addition to PI3K
activation.

Results

Identification of Smad3-dependent EMT-associated cellular
responses

We previously established SMAD3 knockout A549 (A549-
S3KO) cells using CRISPR/Cas9-mediated genome editing
(5). The endogenous expression and TGF-β-induced phos-
phorylation of Smad3 were abrogated while those of Smad2
were not, thus ensuring specific effects of the knockout
(Fig. 1A). We subsequently examined EMT-associated cellular
responses in A549-S3KO cells following TGF-β stimulation.
TGF-β failed to induce cell morphological changes, down-
regulation of the epithelial marker E-cadherin, actin stress fi-
ber formation, and enhanced cell motility (Fig. 1, B–G). Basal
cell proliferation was not affected but TGF-β failed to induce
growth inhibition in SMAD3 knockout cells (Fig. 1H), sug-
gesting that suppression of cell motility was not caused by
differences in cell proliferation rate. The defective phenotype
noted above was restored by lentiviral expression of Smad3
(Fig. 1, A–H), indicating that these phenotypic alterations are
attributed to the loss of Smad3.

Role of the Smad3 MH1 domain in TGF-β-induced signaling

Smad3 mediates transmission of divergent signals in
response to TGF-β stimulation, utilizing its molecular surface
for physical interaction with a variety of proteins and RNAs.
To dissect Smad3-mediated signaling pathways that facilitate
EMT-associated cellular responses, we went on to identify the
regions in Smad3 involved in these responses using Smad1/3-
chimeric proteins. The three-dimensional structures of the
MH1 and MH2 domains of Smad1 and Smad3 have been
solved and the main chains of both Smad proteins were shown
to be quite similar (25–29). Therefore, Smad1/3 chimeric
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proteins have been successfully used to identify regions
responsible for interaction with binding partners (30–32).

We first tried to identify region(s) in the MH2 domain
responsible for EMT-associated cellular responses. We con-
structed a Smad1/3 chimera 3-3-1(HD/RT) that contains the
MH1 domain and the linker from Smad3 and the MH2
domain from Smad1 (residues Glu-239 to Ser-425 of Smad3
were replaced by Glu-278 to Ser-465 of Smad1 with a double
mutation His425Arg/Asp428Thr to allow TGF-β–dependent
C-terminal phosphorylation) (33) (Fig. S1A). When introduced
into A549-S3KO cells, 3-3-1(HD/RT) rescued cell morpho-
logical changes, downregulation of the epithelial marker E-
cadherin, actin stress fiber formation, and enhanced cell
motility (Fig. S1, B–F). Therefore, we focused instead on the
MH1 domain. A Smad1/3 chimera 1-3-3, which contains the
MH1 domain from Smad1 and the linker and MH2 domain
from Smad3 (residues Met-1–Thr-144 of Smad3 were replaced
by those of Smad1), failed to rescue any of the above cellular
responses in A549-S3KO cells.

The MH1 domains of R-Smads share a well-conserved re-
gion in their central part (Arg-69–Leu-97 for Smad3, Fig. 2)
with only one divergent residue at Leu-91. The conserved
region contains a DNA-binding β-hairpin that spans Leu-75–
Gly-82 (26) while the divergent regions may be involved in
specific binding to Smad cofactors (34–36). To identify po-
tential residues responsible for EMT-associated cellular re-
sponses induced by TGF-β, we constructed two Smad3 mutant
proteins in which either the N-terminal (from Met-1 to Ile-65)
or C-terminal (from His-98 to Thr-144) region of the MH1
domain was replaced by the corresponding region from
Smad1, respectively (N1133 and N3311, Figs. 2 and 3A). Using
a lentiviral expression system, we introduced these chimeric
constructs into A549-S3KO cells (Fig. 3B), verified that they
undergo C-terminal phosphorylation following TGF-β stimu-
lation, and observed the corresponding cellular responses.

N3311 transactivated the CAGA reporter (Fig. 3C) and
transmitted signals leading to changes in cell morphology, E-
cadherin downregulation, actin stress fiber formation, but not
those that promote enhanced cell motility (Fig. 3, D–H). These
findings indicate that the C-terminal region of Smad3 MH1
(His-98–Thr-144) is essential for TGF-β-enhanced cell
motility (Fig. 3H), but not for other responses (Fig. 3, D–G). By
contrast, N1133 failed to mediate the TGF-β-induced activity
of (CAGA)12-MLP-Luc (Fig. 3C) and other cellular responses
(Fig. 3, D–H). The N-terminal region of the MH1 domain was
previously reported to be crucial for direct DNA binding of
Smad3 (30). Consistently, N1133 binds poorly to the CAGA
box sequence in a DNA affinity precipitation assay (Fig. 3I).
Thus, we concluded that the N-terminal region of Smad3
MH1 domain (Met-1–Ile-65) is required for Smad3-mediated
transcription activation.
The β4 region of Smad3 is essential for TGF-β-enhanced cell
motility, but not other EMT-associated cell responses

To identify the region responsible for TGF-β-induced
signaling, we constructed three additional Smad3 mutants,



Figure 1. EMT-associated cellular responses that are dependent on Smad3. A, SMAD3 knockout A549 cells (A549-S3KO) were prepared using CRISPR/
Cas9-mediated genome editing. A549-S3KO cells were infected with lentivirus carrying SMAD3 cDNA. Expression and TGF-β-induced phosphorylation of
Smad3 were verified by immunoblotting with the indicated antibodies; α-tubulin was used as a loading control. B–E, A549 cells, A549-S3KO cells, or those
expressing wild-type Smad3 were incubated in either the presence or absence of 1 ng/ml TGF-β1 for 24 h. B, light microscopic photographs. C, expression of
E-cadherin was determined by immunoblotting with anti-E-cadherin; α-tubulin was used as a loading control. D, immunofluorescence detection of
E-cadherin. E, formation of actin stress fibers in A549-S3KO cells expressing wild-type Smad3. F-actin was stained using Rhodamine-phalloidin. F, chamber
migration assay or (G) wound healing assay of A549 cells, A549-S3KO cells, or those expressing wild-type Smad3 in either the presence or absence of 1 ng/
ml TGF-β1. Quantification is shown in the right. H, to evaluate growth rates of A549 cells, A549-S3KO cells, or those expressing wild-type Smad3 in either the
presence or absence of 1 ng/ml TGF-β1, cell numbers were counted. TGF-β was added at day1. Scale bars: 10 μm (B and D–F) and 200 μm (G). Error bars
represent SD (n = 5 for F, G). p values were determined by Student’s t-test. *p < 0.01. One representative result from two independent experiments is shown
(F–H).

Sustained Rac1 activation by TGF-β
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Figure 2. Alignment of Smad1, Smad2, Smad3, and Smad5 protein sequences. Diverged residues are shown in bold. Arg-104 and Ala-105 in Smad3 are
shown in red. Smad1-derived regions in Smad1/3 chimeras are shown in line.

Sustained Rac1 activation by TGF-β
in which indicated amino acid residues were replaced by the
corresponding residues from Smad1 (Figs. 2 and 4A); N3133,
Thr-45–Ile-65; N3331a, Arg-104–Thr-144; and N3331b,
Cys-109–Thr-144. The latter two chimeras were constructed
in order to examine possible contribution of the divergent
region that spans between Arg-104 and Leu-108. These
chimeric constructs were introduced into A549-S3KO cells
and their equivalent expression levels as well as TGF-β-
induced C-terminal phosphorylation were verified experi-
mentally (Fig. 4B).

N3133 was able to rescue defective activation of
(CAGA)12-MLP-Luc reporter activity, changes in cell
morphology, E-cadherin downregulation, stress fiber for-
mation, and enhanced cell motility (Fig. 4, C–H). Thus, the
residues Thr-45–Ile-65 in Smad3 can be replaced by the
corresponding region in Smad1 to transmit signals leading to
EMT-associated cellular responses. In particular, N3331b
also mediated all of the above responses, whereas N3331a
failed to rescue enhanced cell motility. Therefore, residues
Arg-104–Leu-108 in Smad3 are indispensable for TGF-β-
enhanced cell motility. Through mutagenic analysis, we
found that Arg-104 and Ala-105 are key to discriminating
Smad3 from Smad1 when transmitting signals (Fig. 2, Fig. 5,
A–D and Fig. S2): Smad3 (R104 K/A105P) rescued EMT-
associated cell responses other than cell motility. These
two residues are located in the β4 region that is exposed to
the exterior and possibly constitute a protein–protein
interaction surface (Fig. 5E). Thereafter, we named the
R104 K/A105P Smad3 double mutant Smad3(RA/KP) and
used it to elucidate the signaling pathway leading to cell
motility. Abilities of the Smad1/3 chimeras to support
different cellular responses are summarized in Table S1.
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Smad3(RA/KP) fails to induce apparent Rac1 activation

We went on to uncover the signaling pathway mediated
through the β4 region of the Smad3 MH1 domain. Cell
movement requires the coordinated action of the cytoskeleton
and cell adhesion molecules (37). Lamellipodia are membrane
protrusions composed of actin filaments, which are formed
along the leading edge of migrating cells. Confluent cultures of
A549 cells were scratched and incubated with TGF-β for 16 h.
Lamellipodia formation was observed in A549 cells, but only
rarely in A549-S3KO cells (Fig. S3), indicating that lamelli-
podia formation is a Smad3-dependent process. Notably,
Smad3(RA/KP) fails to rescue lamellipodia formation induced
by TGF-β in A549-S3KO cells. Instead, stress fiber formation
was prominent. Its failure to rescue lamellipodia formation is
the likely reason why this mutant is not able to rescue cell
motility induced by TGF-β.

Because lamellipodia formation is dependent on the active
form of Rac1, a small G protein of the Rho family (38, 39), we
next examined a time course of Rac1 activation status after
TGF-β stimulation in A549 cells. Rac1 was activated 8–12 h
after stimulation (Fig. 6A). Then we examined the Rac1 acti-
vation in A549-S3KO cells, in which either wild-type Smad3 or
Smad3(RA/KP) was expressed, after TGF-β stimulation for
12 h. Smad3(RA/KP) failed to rescue Rac1 activation (Fig. 6B).

Rac1 is activated by a variety of cytokines and growth fac-
tors. One of the pathways leading to Rac1 activation involves
PI3K and its downstream Rac-GEFs including Vav1 and Vav2,
which are derepressed by binding to phosphatidylinositol
3,4,5-tris phosphate (PIP3) via their pleckstrin homology do-
mains (24). As previously reported for other cell lines (23, 40),
a pharmaceutical PI3K inhibitor blunted TGF-β-induced cell
motility and Rac1 activation in A549 cells (Fig. 6, C and D).



Figure 3. Signaling of TGF-β-induced cell motility is transmitted through a distinct region of Smad3 from other EMT-associated responses. A,
schematic presentation of N1133 and N3311 chimeric proteins. N1133 (Smad3 with Met-1 to Val-65 from Smad1); N3311 (Smad3 with Gln-98 to Ser-144
from Smad1). B, A549-S3KO cells were infected with lentivirus carrying cDNA expressing either the N1133 or N3311 chimera. Expression and TGF-β-induced
phosphorylation of N1133 and N3311 were verified by immunoblotting with indicated antibodies; α-tubulin was used as a loading control. C, CAGA-Luc
assay of A549-S3KO cells expressing N1133 or N3311. Luciferase assay was carried out using (CAGA)12-MLP-Luc as a reporter plasmid. Error bars repre-
sent SD (n = 3). D, light microscopic images, (E) expression of E-cadherin detected by immunoblotting, (F) formation of actin stress fibers visualized by
Rhodamine-phalloidin staining, (G) immunofluorescence labeling of E-cadherin, and (H) chamber migration assay in A549-S3KO cells expressing wild-type
Smad3, N1133, or N3311 in either the presence or absence of 1 ng/ml TGF-β1. Scale bars: 10 μm. Error bars represent SD (n = 5). p values were determined
by Student’s t-test. *p < 0.01. I, DNA affinity precipitation assay (DNAP) was performed using biotinylated 3xCAGA as a probe. Total cell lysates (input) and
proteins in cell lysates bound to the probe were analyzed by immunoblotting with indicated antibodies; α-tubulin was used as a loading control. One
representative result from two independent experiments is shown (C, H, I).

Sustained Rac1 activation by TGF-β
One possible explanation is that Smad3(RA/KP) fails to rescue
some process in the PI3K-Rac1 axis. TGF-β is known to
activate PI3K via the TRAF6 pathway (9) in a manner
dependent on the type I receptor kinase (41) but not on Smad3
in A549 cells, as assessed by PIP3-dependent phosphorylation
of Akt at Ser-473 (Fig. S4). Consistently, TGF-β-induced Akt
phosphorylation at Ser-473 was not attenuated in A549-S3KO
cells expressing Smad3(RA/KP), suggesting successful forma-
tion of PIP3 that derepresses Rac-GEFs to activate Rac1
(Fig. 6E).

We further examined the effect of inhibition of Rac-
GAPs on Rac1 activation in A549-S3KO cells expressing
J. Biol. Chem. (2021) 296 100545 5



Figure 4. The β4 region of Smad3 is indispensable for TGF-β-enhanced cell motility. A, schematic presentation of Smad1/3 chimeric proteins. N3133
(Smad3 with Lys-45 to Val-65 replacement from Smad1); N3331a (Smad3 with Lys-104 to Ser-144 replacement from Smad1); N3331b (Smad3 with Cys-109
to Ser-144 replacement from Smad1). B, A549-S3KO cells were infected with lentivirus carrying cDNA encoding the N3133, N3331a, or N3331b chimera.
Expression and TGF-β-induced phosphorylation of N3133, N3331a, and N3331b were verified by immunoblotting with indicated antibodies; α-tubulin was
used as a loading control. C, CAGA-Luc assay, (D) light microscopic images, (E) expression of E-cadherin detected by immunoblotting, (F) formation of actin
stress fibers visualized by Rhodamine-phalloidin staining, (G) immunofluorescence labeling of E-cadherin, and (H) chamber migration assay in A549-S3KO
cells expressing wild-type Smad3, N3133, N3331a, or N3331b in either the presence or absence of 1 ng/ml TGF-β1. Scale bars: 10 μm. Error bars represent
SD (n = 3 for C and n = 5 for H). p values were determined by Student’s t-test. *p < 0.01. One representative result from two independent experiments is
shown (C, H).

Sustained Rac1 activation by TGF-β
Smad3(RA/KP). Rho-associated kinase (ROCK) has been
shown to activate Rac-GAPs (42–44). Therefore Y27632, a
ROCK inhibitor, was used to downregulate active Rac-
GAPs. In A549-S3KO cells expressing Smad3, Rac1 was
activated by TGF-β to the equivalent level irrespective of
the presence of Y27632. In A549-S3KO cells expressing
Smad3(RA/KP), Rac1 was activated by TGF-β in the pres-
ence of Y27623, but not in the absence of Y27623 (Fig. 6F).
We therefore hypothesized that Rac1 activation is not
attenuated; instead, Rac1 inactivation is promoted in cells
expressing Smad3(RA/KP).
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TGF-β downregulates ARHGAPs to sustain Rac1 activation

To elucidate the mechanism underlying promoted Rac1
inactivation in cells expressing Smad3(RA/KP), we analyzed
the transcriptome of A549-S3KO cells expressing either wild-
type Smad3 or Smad3(RA/KP). Cells were stimulated with
TGF-β for 8 h, a time point when Rac1 is sufficiently activated,
before they were harvested for RNA-sequencing analysis.
Genes regulated differently in the two cell types were clustered
and subjected to pathway analysis. We noticed that genes
associated with “GTPase activator activity” are significantly
concentrated in a gene cluster that is downregulated in cells



Figure 5. Smad3(RA/KP) fails to transmit signals for cell motility. A549-S3KO cells were infected with lentivirus carrying cDNA encoding either Smad3
with an Arg104Lys substitution (R/K) or the Smad3 Arg104Lys/Ala105Pro double mutant (RA/KP). A, expression and TGF-β-induced phosphorylation of
Smad3(R/K) and Smad3(RA/KP) were verified by immunoblotting with indicated antibodies; α-tubulin was used as a loading control. B, CAGA-Luc assay, (C)
chamber migration assay, and (D) wound healing assay in A549-S3KO cells expressing wild-type Smad3, Smad3(R/K), or Smad3(RA/KP) in either the
presence or absence of 1 ng/ml TGF-β1. Scale bars: 10 μm (C), 200 μm (D). Error bars represent SD (n = 3 for B and n = 5 for C, D). p values were determined
by Student’s t-test. *p < 0.01. **p < 0.05. E, molecular model of the β4 region in the 3D structure of Smad3’s MH1 domain bound to DNA (PDB ID 1OZJ). Arg-
104 and Ala-105 are shown in yellow and red, respectively. The DNA-binding β-hairpin containing strands β2 and β3 is shown in cyan. Image of 3D structure
was generated with PyMOL (http://pymol.org). One representative result from two independent experiments is shown (B–D).

Sustained Rac1 activation by TGF-β
expressing wild-type Smad3 but not in cells expressing Sma-
d3(RA/KP) (Fig. S5A). Among differently regulated genes in
this cluster, we focused on ARHGAP22, ARHGAP24, and
ARHGAP27 (Fig. S5B). ARHGAP genes encode GTPase
activating proteins (GAPs) that promote GTP hydrolysis to
inactivate the Rho family of small G proteins (42). ARHGAP22,
ARHGAP24, and ARHGAP27 all use Rac1 as a substrate (42,
45, 46). Intriguingly, ARHGAP22 and 24 have been reported to
J. Biol. Chem. (2021) 296 100545 7
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Figure 6. Activation of Rac1 during TGF-β–induced motility. A, time course showing Rac1 activation after TGF-β stimulation. A549 cells were stimulated
with 1 ng/ml TGF-β1 for 1–12 h. The amount of active, GTP-loaded Rac1 was determined by using a GST pull-down assay. Rac1 was detected by
immunoblotting. B, Rac1 activation assay using A549, A549-S3KO cells, or those expressing Smad3 or Smad3(RA/KP). Cells were stimulated with 1 ng/ml
TGF-β1 for 12 h before harvesting. Cell lysates were subsequently prepared and subjected to a Rac1 activation assay as in A. C, chamber migration assay
using A549 cells pretreated with either a TβRI kinase inhibitor SB431542 (5 μM), a PI3K inhibitor LY294002 (10 μM), or 0.1% DMSO (vehicle-only control) for
1 h. Scale bars: 10 μm. Error bars represent SD (n = 5). p values were determined by Student’s t-test. *p < 0.01. D, Rac1 activation assay using A549 cells
pretreated with LY294002, SB431542, or 0.1% DMSO, followed by stimulation with 1 ng/ml TGF-β1 for 12 h. Cell lysates were subsequently prepared and
subjected to a Rac1 activation assay as in (A). E, TGF-β-induced phosphorylation of Akt (S473) in A549-S3KO cells expressing Smad3(RA/KP). Cells were
pretreated with either 10 μM LY294002 or 0.1% DMSO for 1 h and stimulated with 1 ng/ml TGF-β1 for either 1 h or 4 h. Cell lysates were analyzed by
immunoblotting using phospho-Akt or phospho-Smad2 antibodies; α-tubulin was used as a loading control. F, effects of a ROCK inhibitor Y27632 on TGF-β-
induced Rac1 activation in A549-S3KO expressing either Smad3 or Smad3(RA/KP). Cells were treated with TGF-β (1 ng/ml) and/or Y27632 (25 μM) for 12 h
on collagen-coated plate. Cell lysates were subsequently prepared and subjected to a Rac1 activation assay as in (A). One representative result from two
independent experiments is shown (B–F).

Sustained Rac1 activation by TGF-β
be activated by ROCK1 (42–44). Time course measurement of
ARHGAP22, 24, and 27 expression indicates that they are
downregulated from 4 h up to 24 h after TGF-β stimulation
while not in A549-S3KO cells expressing Smad3(RA/KP)
(Fig. 7A). The result is consistent with the time course of Rac1
activation (Fig. 6A). Furthermore, Smad3’s β4 region-
dependent downregulation of ARHGAP24 and ARHGAP27
was also observed in PANC-1 human pancreatic cancer cells
8 J. Biol. Chem. (2021) 296 100545
(Fig. S6). Downregulation of ARHGAPs was inhibited by pre-
treatment with cycloheximide, indicating that they are indirect
target genes of TGF-β, downregulation of which is dependent
on protein synthesis (Fig. 7B). When we knocked down
ARHGAP24 in A549-S3KO cells expressing Smad3(RA/KP),
TGF-β-enhanced cell motility was around 60% restored (Fig. 7,
C and D). These results indicate that downregulation of
ARHGAP24 is one of the key events in enhancement of cell



Figure 7. Multiple ARHGAPs are downregulated during sustained Rac1 activation. A, TGF-β-induced downregulation of ARHGAPs. A549 cells, A549-
S3KO cells, or A549-S3KO cells expressing either wild-type Smad3 or Smad3(RA/KP) were stimulated with 1 ng/ml TGF-β1 for 2–24 h. Total RNAs were
extracted and analyzed by quantitative real-time PCR to determine endogenous ARHGAP22, ARHGAP24, ARHGAP27, and SERPINE1 levels; GAPDH was used
for normalization. B, effect of a protein synthesis inhibitor on downregulation of ARHGAPs by TGF-β. A549 cells pretreated with either 5 μM cycloheximide
(CHX) or 0.1% DMSO for 1 h were stimulated with 1 ng/ml TGF-β1 for 6 h. ARHGAP22, ARHGAP24, ARHGAP27, or SMAD7 mRNA expression was measured by
quantitative real-time PCR. SMAD7 is a direct target gene of TGF-β that is not affected by CHX. C, knockdown of ARHGAP24 in A549 cells. Cells were treated
with control siRNA (siControl) or ARHGAP24 siRNA for 24 h. The expression level of mRNA was measured by quantitative real-time PCR. D, effect of
ARHGAP24 knockdown on TGF-β-induced cell motility in A549-S3KO cells expressing Smad3(RA/KP). Scale bars: 10 μm. Error bars represent SD (n = 3 for A–C
or n = 5 for D). p values were determined by Student’s t-test. *p < 0.01. One representative result from three (A) or two (B–D) independent experiments is
shown.

Sustained Rac1 activation by TGF-β
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Sustained Rac1 activation by TGF-β
motility by TGF-β, but downregulation of other ARHGAPs
could also contribute to the enhanced cell motility. Therefore,
it appeared likely that TGF-β downregulates these ARHGAPs
to prevent the inactivation of Rac1.

Thus, TGF-β induces sustained activation of Rac1 through
PI3K-dependent Rac1 activation as well as through attenuation
of Rac1 inactivation by downregulating multiple ARHGAPs
(Fig. 8). The finding explains why TGF-β–induced cell motility
requires a Smad-dependent transcriptional program in addi-
tion to PI3K activation.

Discussion

The roles of TGF-β in cancer progression are well docu-
mented. Among the cellular responses induced by TGF-β in
cancer cells, EMT is thought to promote cell invasion and
metastasis (11). These cellular responses are primarily medi-
ated by the coordinated actions of transcription factors asso-
ciated with EMT (EMT-TFs) (12, 13). TGF-β activates
multiple signaling pathways, including those that lead to in-
duction of EMT-TFs and exert a series of EMT-associated
cellular responses, some of which are modulated by path-
ways independent of EMT-TFs. Thus far, TGF-β-triggered
signaling pathways that lead to induction of EMT-TFs have
been characterized (15–19). However, the pathways that lead
to individual cellular responses remain unclear. In this study,
we identified the β4 region of Smad3’s MH1 domain as a re-
gion indispensable for TGF-β-induced cell motility, but not
epithelial marker downregulation, cell morphological changes,
nor actin stress fiber formation.

Amigrating cell exhibits high Rac1 activity at the leading edge,
where Rac1 promotes the formation of membrane protrusions
(47). We found that at least two independent signaling pathways
are required to maintain Rac1 activation (Fig. 8): the PI3K-
dependent pathway for Rac1 activation and another that is
dependent on the β4 region of Smad3’s MH1 domain, which
attenuates Rac1 inactivation by repressing the expression of
Rac1-targeting GAP proteins. This finding illustrates how the
Smad3-dependent transcriptional program complements the
well-known PI3K-dependent pathway in enhancing cell motility.

It remains unclear how the β4 region of Smad3 affects
downregulation of a subset of target genes of TGF-β. As shown
in Figure 7B, downregulation of ARHGAPs is dependent on de
novo protein synthesis. Therefore, the involvement of miRNA
processing by Smad3 may be excluded. We searched for
Figure 8. Signaling pathway leading to Rac1 activation by TGF-β
signaling.
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Smad3-binding sites that are located near the ARHGAP genes
in TGF-β-stimulated A549 cells using our previous ChIP-seq
data GSM1246721 (48). We found no Smad3-binding sites
within 100 kb upstream of the transcription start sites of
ARHGAP22 and ARHGAP24, nor 100 kb downstream of their
transcription stop sites. There was, however, one strong
Smad3-binding site 20 kb downstream of the ARHGAP27
transcription stop site. This is consistent with our previous
finding that Smad-binding sites are not often found within the
regulatory regions of TGF-β–downregulated genes (49). In
addition, the Smad3-binding region downstream of ARH-
GAP27 failed to respond to TGF-β when introduced into a
luciferase reporter vector pGL4-MLP (unpublished observa-
tion). Therefore, ARHGAPs are unlikely to be regulated by
Smad3 binding to their regulatory regions. Although we
observed the downregulation of ARHGAP22, 24, and 27 in the
present study, downregulation of other ARHGAPs that target
Rac1 may also be involved in the process. However, they
should be sensitive to a ROCK1 inhibitor because ROCK1
inhibitor was effective in restoring TGF-β-induced Rac1 acti-
vation in cells expressing Smad3(RA/KP).

Smad3 may interfere with the functions of other transcription
factors by interacting physically with them via the β4 region to
repress ARHGAPs. For example, Smad3 represses the AhR/Arnt
transcription factor complex by competing with AhR and Arnt
for their association (5). However, this mechanism is unlikely
because Smad3(K36D/S37A), which cannot associate with the
Smad-binding DNA element (30), fails to rescue cell motility
(Fig. S7). Another possibility is that Smad3 interacts with some
Smad cofactors through the β4 region and induces a protein or
proteins to downregulate expression of ARHGAPs. In this case,
proteins that downregulate ARHGAPs may include not only
transcription repressors but also proteins that somehow inhibit
the function of transcriptional activators for ARHGAPs. Smad
cofactors that have been reported to be involved in TGF-β-
induced cell motility or invasion include JunB in breast cancer
cells (50), Olig1 in NMuMG cells (32), and Sox4 in non-
transformed human mammary epithelial cells (51). Olig1 and
Sox4 interact with Smad3 through the MH2 domain. JunB
possibly interacts with Smad3 through its MH1 domain, like c-
Jun (34). However, the c-Jun-binding region was mapped to the
α2-helix region comprising Lys-40–Lys-44, which is distinct
from the β4 region identified in this study. In addition, an effector
protein downstream of JunB that facilitates cell motility was
identified as Wnt7B, an external ligand (50). Therefore, these
Smad cofactors are unlikely to be involved. Instead, some other
unknown Smad cofactors may play a role in downregulating
ARHGAPs. Alternatively, other mechanisms, including the
destabilization of ARHGAP mRNAs, may be involved.

We previously reported that a basic helix-loop-helix tran-
scription factor, Olig1, is a Smad cofactor that is involved in
TGF-β–induced cell motility in NMuMG cells (32). Olig1
associates with Smad3 via the L3 loop in the Smad3 MH2
domain. However, we found that Olig1 is not expressed in
A549 cells (unpublished observation). Thus, some other Smad
cofactors(s) probably compensate for the role of Olig1 in
A549 cells. Although we found that the β4 loop in the Smad3
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MH1 domain signals for cell motility in A549 cells, the MH2
domain may also play a role in TGF-β–enhanced cell motility
in A549 cells because peptide blockers derived from the MH2
domain inhibit TGF-β–induced cell motility (unpublished
observation). Therefore, additional signaling pathways may
operate during enhancement of cell motility. Supporting this
notion, knockdown of ARHGAP24 restored TGF-β–enhanced
cell motility in A549-S3KO cells expressing Smad3(RA/KP),
but not in A549-S3KO cells (Fig. 7D), indicating that Smad3
transmits some signal(s) in addition to that leading to down-
regulation of ARHGAPs .

TGF-β induces formation of actin stress fibers and changes
in cell morphology beginning several hours after stimulation.
We found that both of these changes are Smad3-dependent,
but that the β4 region is not involved. Intriguingly, TGF-β–
induced stress fiber formation requires PI3K signaling, coop-
eration between Smad signaling and the Rho family GTPases,
Cdc42 and RhoA, as well as protein synthesis (20, 21, 23),
while TGF-β–induced cell morphological changes are PI3K-
independent (23). These findings indicate a bifurcation of
signaling pathways leading to actin stress fiber formation and
changes to cell morphology downstream of Smad3. Further
investigation will uncover a complete picture of TGF-β
signaling pathways that drive cell motility and other EMT-
associated cellular responses.

Experimental procedures

Cell culture

A549 and PANC-1 cells were obtained from the American
Type Culture Collection as previously described (15, 48) and
authenticated by short tandem repeat analysis. Establishment
of SMAD3-knockout A549 cells was described previously (5).
PANC-1 cells were cloned and used as a parental cell line for
SMAD3 knockout using Double Nickase plasmid (catalog no.
sc-4000069-NIC-2; Santa Cruz). Deletion/disruption of the
target genes was confirmed by sequencing (Fig. S6A). All cells
were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% fetal bovine serum (FBS), 50 units/ml
penicillin, and 50 μg/ml streptomycin.

Reagents and antibodies

Human recombinant TGF-β1 was obtained from R&D
Systems. Cycloheximide was purchased from Nacalai Tes-
que. SB431542 was obtained from Calbiochem. LY29400 was
obtained from Sigma-Aldrich. Y27632 was purchased from
FUJIFILM Wako Pure Chemical Co. Rhodamine-phalloidin
was purchased from Cytoskeleton, Inc. The following anti-
bodies were also used: anti-Smad2/3 (610843, BD Biosci-
ence); anti-phospho-Smad1 (9511, Cell Signaling
Technology); anti-phosho-Smad2 (138D4, Cell Signaling
Technology); anti-phosho-Smad3 (9520, Cell Signaling
Technology); anti-Smad4 (B-8, Santa Cruz Biotechnology);
anti-E-cadherin (610182, BD Bioscience); anti-FLAG (M2;
Sigma-Aldrich); anti-Rac1 (23A8; Millipore); anti-phospho-
Akt (9271, Cell Signaling Technology); and anti-α-tubulin
(DM1A) (T9026, Sigma-Aldrich). Horseradish peroxidase
(HRP)-conjugated goat anti-mouse IgG (115-035-003, Jack-
son Immuno Research) and goat anti-rabbit IgG (111-035-
003, Jackson Immuno Research) were used as secondary
antibodies.

Biochemical assays

Cell lysis and immunoblotting were performed as previously
described (32). Luciferase assay and quantitative real-time PCR
were performed in triplicates as previously described (52).
Error bars represent SD. Primer sequences are shown in
Table S2. DNA affinity precipitation assay using 3xCAGA
probe was performed as described (52).

Immunofluorescence and actin staining

Immunofluorescence labeling of E-cadherin was performed
as previously described (53). Actin stress fiber formation was
detected by staining with Rhodamine-conjugated phalloidin as
previously described (54).

Smad1/3 chimeras and Smad3 mutant proteins

Smad1/3 chimeras, 1-3-3 that contains the MH1 domain
from Smad1 and the linker and MH2 domain from Smad3
(residues 1-144 of Smad3 was replaced by those of Smad1),
and 3-3-1(HD/RT) that contains the MH1 domain and the
linker from Smad3 and the MH2 domain from Smad1 (res-
idues Glu-239 to Ser-425 of Smad3 were replaced by Glu-
278 to Ser-465 of Smad1 with a double mutation
His425Arg/Asp428Thr), were prepared using a PCR-based
approach (30). For Smad3 MH1 mutants, the MH1 do-
mains of Smad1 and Smad3 were divided into five regions
(regions 1–5). Each of these regions was exchanged between
the two proteins. Region 1, residues 1–44; Region 2, residues
45–65; Region 3, 98–103; Region 4, 104–108; Region 5,
109–144 in Smad1 and Smad3.

Lentivirus production

Lentiviral vectors encoding either Smad3 or Smad3 mutants
were generated by Gateway technology (Invitrogen). Lentivirus
particles were produced as previously described (15). Cells
infected with Smad3, 3-3-1(HD/RT), Smad3(R/K), or Sma-
d3(RA/KP) were cloned by limiting dilution in 96-well plates
and multiple clones were used for experiments. Cells infected
with other constructs were used as cell pools. As for cells
infected with Smad3, we had difficulty in obtaining clones with
exogenous Smad3 expression equivalent to endogenous
Smad3 expression in parental A549 cells. Therefore we
selected a clone with the lowest expression of Smad3 among
ten clones.
Cell motility assay

Cell motility was measured and quantified by chamber
migration assays using a Cell Culture Insert with polyethylene
terephthalate filters (8 μm pore size, Falcon) in 24-well plates as
previously described (22). The filters were coated with collagen
(Cellmatrix Type 1-C, Nitta Gelatin). Briefly, cells were
J. Biol. Chem. (2021) 296 100545 11
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dissociated with trypsin and seeded in the upper chamber at 4 ×
104 cells/well density in either the presence or absence of 1 ng/
ml TGF-β in both upper and lower chambers. The chambers
were incubated at 37 �C under 5% CO2 for 12 h.Wound closure
assay was performed as previously described (53).

Cell proliferation assay

Cells were seeded at 1 × 105 /well in six-well plates and
stimulated with TGF-β1 (1 ng/ml) at day-1. Cells were tryp-
sinized and harvested at the indicated time points, and coun-
ted using a hemocytometer.

Rac1 activation assay

Rac1 activation assay was previously described (54). In brief,
2 × 105 cells were seeded on collagen-coated six-well plates
(Cellmatrix Type 1-C), cultured for the indicated time in either
the presence or absence of 1 ng/ml TGF-β1, and harvested.
Rac1 activation was determined by a GST pulldown assay
using a Rac1/Cdc42 activation assay kit (Millipore 17-441).

RNA-sequencing (RNA-Seq)

To mimic the situation in a chamber migration assay, A549-
S3KO cells infected with lentivirus carrying cDNA encoding
either Smad3 or Smad3 RA/KP were trypsinized, seeded on
plates coated with collagen (Cellmatrix Type 1-C), and
simultaneously stimulated with 1 ng/ml TGF-β for 8 h. Total
RNA was purified using RNeasy Plus (Qiagen). RNA-Seq was
performed as described previously (55). Reads were aligned
against the human genome (GRCh38/hg38) using HISAT2
(http://daehwankimlab.github.io/hisat2/). Normalized gene
expression data was generated using StringTie (http://ccb.jhu.
edu/software/stringtie/index.shtml) without de novo transcript
assembly. The raw sequence data are available from the GENE
Expression Omnibus under accession number GSE152015.
Gene Ontology analysis of the RNA-Seq data was performed
using iDEP 0.91 web tool (http://bioinformatics.sdstate.edu/
idep/). Log2 fold-change values of TGF-β (8 h)/TGF-β (-) in
Smad3 wild-type or Smad3(RA/KP) were uploaded, then top-
12000 most highly variable genes were divided into 4 clusters.
The enrichment analysis based on Gene Ontology (GO term
Biological process) was performed.

RNA interference

Transfection of siRNA into cells (2 × 105) was performed
using Lipofectamine RNAiMAX transfection reagent (Invi-
trogen). The targeting sequence of Stealth RNAi siRNA was as
follows; human ARHGAP24, 50- AAGAUAGAGUAUGA-
GUCCAGGAUAA-30. The final concentration of the siRNA
used was 5 nM.

Statistical analysis

A two-sided Student’s t-test was used to determine the
significance of differences among experimental groups.
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Data availability

RNA-seq data were deposited in the Gene Expression
Omnibus under the accession number GSE152015.
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