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OPEN 8 ACCESS Myofibroblast differentiation, characterized by accumulation of cytoskeletal and extracel-
lular matrix proteins by fibroblasts, is a key process in wound healing and pathogenesis
of tissue fibrosis. Transforming growth factor-p (TGF-) is the most powerful known driver
of myofibroblast differentiation. TGF-B signals through transmembrane receptor serine/
threonine kinases that phosphorylate Smad transcription factors (Smad2/3) leading to
activation of transcription of target genes. Heterotrimeric G proteins mediate distinct sig-
naling from seven-transmembrane G protein coupled receptors, which are not known to
be linked to Smad activation. We tested whether G protein signaling plays any role in
TGF-B-induced myofibroblast differentiation, using primary cultured human lung fibro-
blasts. Activation of Gas by cholera toxin blocked TGF-B-induced myofibroblast differen-
tiation without affecting Smad2/3 phosphorylation. Neither inhibition of Gai by pertussis
toxin nor siRNA-mediated combined knockdown of Gag and Ga11 had a significant
effect on TGF-B-induced myofibroblast differentiation. In contrast, combined knockdown
of Ga12 and Go13 significantly inhibited TGF-p-stimulated expression of myofibroblast
marker proteins (collagen-1, fibronectin, smooth-muscle o-actin), with siGa12 being
significantly more potent than siGa13. Mechanistically, combined knockdown of Ga12
and Go13 resulted in substantially reduced phosphorylation of Smad2 and Smad3 in
response to TGF-B, which was accompanied by a significant decrease in the expression
of TGF-B receptors (TGFBR1, TGFBR2) and of Smad3. Thus, our study uncovers a
novel role of Ga12/13 proteins in the control of TGF-B signaling and myofibroblast
differentiation.

Introduction

Transforming growth factor-B (TGF-p) is a pleotropic cytokine with multiple cell-specific functions.
TGF-B was originally called ‘“transforming’ because it enhanced anchorage-independent growth of
normal rat kidney (NRK) cells on soft agar (a commonly used assay for cell transformation) in
response to TGF-a or epidermal growth factor [1,2]. Subsequently it was found that TGF-B inhibited

Received: 26 June 2024 anchorage-dependent growth of NRK cells and of multiple human tumor cell lines; and it has been
Revised: 13 November 2024 recognized as an inhibitor of cell cycle progression and cell proliferation [3]. Through numerous
Accepted: 2 December 2024 studies, it is now established that TGF-B controls fundamental cellular processes such as cell prolifer-

o ation, survival, hypertrophy, senescence, epithelial-to-mesenchymal transition, cell differentiation; and
Accepted Manuscript online: .. . . . . . . . .
5 December 2024 it is implicated in a variety physiological and pathological processes [4]. This study focuses on signal-
Version of Record published: ing mechanisms that mediate one of the functions of TGF-B — differentiation of fibroblasts to
13 December 2024 myofibroblasts.
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Myofibroblasts are phenotypically modified fibroblasts, originally characterized by the presence of a well-
developed contractile apparatus and the formation of robust actin stress fibers containing the smooth muscle
o-actin (SMA) isoform normally expressed in smooth muscle cells [5,6]. Myofibroblasts produce extracellular
matrix proteins such as fibronectin (FN), multiple isoforms of collagen and other proteins implicated in matrix
remodeling [7-9]. Over decades of research, myofibroblasts have been recognized as the key cells in wound
healing and pathogenesis of tissue fibrosis [10,11].

TGF-B is the most powerful known driver of myofibroblast differentiation [12]. TGF-B signals through
transmembrane-receptor serine/threonine kinases that phosphorylate Smad transcription factors (Smad2/3),
leading to their heteromerization with a common mediator Smad4, nuclear translocation of the Smad2/3/4
complex and activation of transcription of target genes [13,14]. G protein coupled receptors (GPCRs), the
largest receptor family regulating various functions of all mammalian cells, transduce extracellular signals
through heterotrimeric G proteins, with Go. and Gy subunits controlling the activity of specific target proteins
[15]. Four functionally distinct types of Go. subunits have been identified: Gas, Gai, Gaq/11, and Gal2/13
[16]. Gas activates adenylyl cyclase to produce cAMP, whereas Gai inhibits this enzyme [17]. Goag/11 activate
phospholipase CB [18,19] generating two second messengers — inositol trisphosphate and diacylglycerol —
that stimulate calcium release from endoplasmic reticulum and activate protein kinase C, respectively [20]. In
addition, GBy proteins can also activate PLCP isoforms [21]. Gol2/13 stimulate the Rho family of small
GTPases through direct recruitment of specific guanine exchange factors (GEFs) for RhoA, a small GTPase
[22-25].

Little is known about the cross-talk between TGF-B and G protein signaling in the context of myofibroblast
differentiation. Agonists coupled to Gos (prostaglandin E2, prostacyclin, adrenomedullin) have been shown by
us and others to inhibit TGF-B-induced myofibroblast differentiation through a protein kinase A
(PKA)-dependent mechanism [26-29]; however, the role of Gos has not been evaluated in these studies. Better
understanding of the role of Gos is important, given that PKA can be stimulated through other mechanisms,
including a GPy-mediated one [30]. GPCR agonists acting through Goi, Gaq/11, and Ga12/13 (i.e. lysopho-
sphatidic acid (LPA), sphyngosine-1-phosphate) have been reported to promote myofibroblast differentiation
[31,32]; however, the role of specific G proteins was not identified. A link between TGF-f and G protein signal-
ing has been reported, wherein GPCR ligands (angiotensin II, thrombin, etc.) promote TGF-B synthesis [33,34]
or release of active TGF- from the pericellular matrix [35]. However, a direct role of G proteins in TGF-f sig-
naling in the context of myofibroblast differentiation has not been investigated. In this study, we sought to
determine that role of G proteins, using primary cultured human lung fibroblasts (HLFs), and utilizing a
knockdown approach of individual Go subunits, activation of Gas by cholera toxin (CTX) and inhibition of
Gai-GPy pathway by pertussis toxin (PTX).

Results
Activation of Gas by CTX blocks TGF-p-induced myofibroblast differentiation
without affecting Smad2/3 phosphorylation

Previous studies by us and others demonstrated regulation of TGF-B-induced myofibroblast differentiation by
agonists acting in part through Gos-coupled GPCRs [26-29]; however, a direct role of Gas has not been care-
fully investigated. CTX, which ADP-ribosylates and inhibits the GTPase activity of Gas, is recognized as a
powerful and highly specific activator of Gos [36]. Therefore, we used CTX as a tool for investigating the effect
of Gos activation on TGF-B-induced myofibroblast differentiation. As shown in Figure 1A, CTX significantly
reduced TGF-B — induced accumulation of the myofibroblast marker proteins collagen 1A1 (Coll1Al), FN and
SMA, when applied immediately following TGF-P treatment for 48 h (a time point at which near maximum
accumulation of these proteins occurs in response to TGF-B). CTX also significantly reduced mRNA levels of
CollA1, FN1 and ACTA2 (for SMA protein) after 24 h of exposure to TGF- (a time point previously identified
for maximum increase in mRNA levels for these genes in response to TGF-B) (Figure 1B). Pretreatment of
HLF with CTX for 2h (2 h is sufficient for ADP-ribosylation to occur in cells) did not affect Smad2/3 phos-
phorylation induced by acute (30 min) TGF-B treatment (Figure 1C). Activation of Gas 2 h post treatment
with CTX was confirmed by western blotting with ‘protein kinase A (PKA) substrate’ antibodies (Figure 1D)
that recognize proteins phosphorylated by PKA (a downstream effector of Gos) and whose specificity was pre-
viously demonstrated through the expression of a specific PKA inhibitor protein, PKI [37]. Two-hour treatment
of HLF with CTX resulted in an obvious change in morphology of the cells, that is characteristic of reduced
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Figure 1. Activation of Gas by cholera toxin blocks TGF-g-induced myofibroblast differentiation without affecting Smad2/3 phosphorylation.
(A) Representative images and quantification of western blot analyses of myofibroblast markers in human lung fibroblasts (HLF). HLF were
serum-starved for 48 h and then treated with vehicle or 1 wg/ml cholera toxin (CTX), immediately followed by treatment with vehicle or 1 ng/ml TGF-B
for additional 48 h, as indicated. HFL lysates were analyzed by western blotting using antibodies recognizing collagen 1A1 (Col1A1, A2),

fibronectin (FN, A3) and smooth muscle o-actin (SMA, A4). The relative immunoreactivity values were normalized to the average signal of control
samples. (B) RT-qPCR analysis of myofibroblast markers in HLF treated with vehicle, 1 wg/ml cholera toxin (CTX), and/or 1 ng/ml TGF-8 (as in A) for
24 h. mRNA levels of COL1AT1 (B1), FN1 (B2), and ACTA2 (B3) were normalized within-the-sample to the levels of housekeeping ribosomal RPL13
mRNA and compared with an average expression in control samples. (C) Representative images and quantification of western blot analyses of
Smad?2/3 phosphorylation in HLF pretreated with vehicle or 1 wg/ml CTX for 2 h followed by 30-min exposure to vehicle or 1 ng/ml TGF-p. Cell lysates
were analyzed by western blotting with antibodies recognizing Smad2/3 and their phosphorylated forms as indicated. pSmad/Smad ratios were
quantified for Smad2 (C2) and Smad3 (C3). (D) Western blot analysis of PKA-dependent phosphorylation in HFL treated as in C. and then probed with
antibody recognizing phosphorylated PKA substrates (representative of three experiments). Quantitation data in A-C are the mean values + SD of four
independent treatments per group. *P < 0.05, **P <0.001, ***P < 0.0001, one-way ANOVA with Tukey correction for multiple comparisons.

assembly of actin stress fibers and is similar to a known effect of PKA activation in fibroblasts [38]. This mor-
phological change induced by CTX was partially prevented by knockdown of Gas (Supplementary Figure S1).
Supplementary Figure S2 confirms efficient knockdown of both Gas-long and Gos-short isoforms by western
blotting; and, importantly, it demonstrates that Gos knockdown partially prevents inhibition of TGF-B-induced
myofibroblast differentiation by CTX. Interestingly, long-term (48-h) CTX treatment also resulted in a
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significant down-regulation of Gas proteins, the mechanism of which will be further investigated. Finally,
TGEF-B-induced myofibroblast differentiation was inhibited by an activator of adenylyl cyclase, forskolin
(Supplementary Figure S3). Together, these data demonstrate that Gos activation results in inhibition of
TGEF-B-induced myofibroblast differentiation without affecting proximal TGF-p signaling.

Inhibition of Gai by PTX does not affect TGF-p-induced myofibroblast

differentiation

We then focused on the role of Gai, using PTX, which ADP-ribosylates and blocks the activity of Goi through
inhibition of GDP to GTP exchange by Gai [39,40]. Pretreatment of HLFs with PTX had no significant effect on
TGEF-B-induced expression of CollAl, FN and SMA (Figure 2A). We have previously established that Goi-coupled
GBy mediates phosphorylation of extracellular signal regulated kinases ERK1/2 by endothelin-1 (ET-1) in vascular
smooth muscle cells [30]. Therefore, we confirmed that PTX was effective in the inhibition of Gai in HLFs by
demonstrating that PTX pretreatment abolished ET1-induced phosphorylation of ERK1/2 (Figure 2B). Together,
these data suggest that Goi may not be involved in TGF-B-induced myofibroblast differentiation.

Knockdown of Gaq/11 does not affect TGF-B-induced myofibroblast
differentiation

To assess the role of Gog/11, we used the siRNA approach. Combined knockdown of Gaq and Gall with cor-
responding siRNAs resulted in a 70% decrease in the expression of each protein in the presence or absence of
TGE-B, as assessed by western blotting with antibodies that recognize both Gaq and Gl (Figure 3). Under
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Figure 2. Inhibition of Gai by pertussis toxin does not affect the TGF-$-induced myofibroblast differentiation.

(A) Representative images and quantification of western blot analyses of HLF pretreated overnight with 100 ng/ml pertussis toxin (PTX), followed by
treatment with either vehicle or 1 ng/ml TGF- for 48 h. HLF lysates were analyzed using antibodies recognizing Col1A1 (A1), FN (A2), and SMA
(A3). The relative luminescence values were normalized to the average values of controls. Data are the mean values + SD from four independent
cultures per treatment. **P <0.001; ***P < 0.001, one-way ANOVA with Tukey correction for multiple comparisons. (B) Representative images of
western blot analyses of the PTX pretreated HFL with or without subsequent 5-min treatment with 100 nM endothelin-1 (ET1). Cell lysates were
probed with antibodies recognizing p-Erk1/2 or total Erk2. (B1) Quantification of experiments presented in B. ****P <0.001, one-way ANOVA with
Tukey correction for multiple comparisons.
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Figure 3. Knockdown of Gaq and Ga11 does not affect the TGF-g-induced myofibroblast differentiation.

(A) Representative images and quantification of western blot analyses of HLF transfected overnight with either control siRNA (siC) or with siRNAs
targeting Gog and Ga11. HFL were next serum starved for 48 h, followed by the treatment with either vehicle or 1 ng/ml TGF-p for 48 h. Cell lysates
were analyzed using antibodies recognizing Gog/Ga11 (A1), Col1A1 (A2), FN (A3), and SMA (A4). The relative luminescence values were normalized
to the average siC-treated control samples. Data are the mean values + SD from four independent cultures per treatment. **P <0.01; ***P < 0.001,

one-way ANOVA with Tukey correction for multiple comparisons.

the same treatment conditions, Goq/11 knockdown had no significant effect on TGF-B-induced myofibroblast
differentiation, suggesting a possible lack of the role of Gog/11 in this process.

Knockdown of Go12 and Ga13 attenuates TGF-g-induced myofibroblast

differentiation in a synergistic fashion

We then examined the roles of Gal2 and Gail3 in TGF-B-induced myofibroblast differentiation also using an
siRNA approach. As shown in Figure 4, knockdown of Ga12 and of Gal3 achieved up to 85% and 80% reduc-
tions in corresponding protein expression levels in HLFs. Knockdown of Gal2 resulted in a moderate inhib-
ition of TGF-B-induced expression of CollAl, FN and SMA by 30%, 25%, and 10%, respectively. Knockdown
of Gol3 alone had no significant effect on the expression of these proteins. However, combined knockdown of
Gol2 and Gol3 significantly potentiated the effect of individual Go12 knockdown, decreasing TGF-B-induced
protein expression of CollAl, FN and SMA by 80%, 100%, and 60%, respectively (Figure 4). TGF-B treatment
resulted in accumulation of SMA-positive stress fibers which was attenuated by Gol12/Gol3 knockdown, as
determined by immunofluorescent microscopy of SMA (Supplementary Figure S4). Gal2/Gol3 knockdown
also reduced the induction of mRNA levels of Col1A1, FN1 and ACTA2 in response to TGF-$ (Supplementary
Figure S5), suggesting control of their expression by Gal2/Gol3 at a transcriptional level. Inhibition of
TGEF-B-induced myofibroblast differentiation by combined knockdown of Go12 and Gol3 was further con-
firmed using an alternative set of siRNAs against these genes (Supplementary Figure S6). Together, these data
indicate that both Ga12 and Gol3 proteins are required for full TGF-B-induced myofibroblast differentiation,
with Gal2 being potentially of higher importance.
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Figure 4. Knockdown of Ga12 and Ga13 attenuates the TGF-g-induced myofibroblast differentiation in a synergistic fashion.

(A) Representative images and quantification of western blot analyses of HLF transfected overnight with control siRNA (siC, 10 nM), or combination
of siC (5 nM) plus siGa12 (5 nM), or siC (5 nM) plus siGa13 (5 nM), or siGa12 (5 nM) plus siGa13 (5 nM). Cells were next serum starved for 48 h, and
further treated with either vehicle or 1 ng/ml TGF-p for additional 48 h. HFL lysates were analyzed by western blotting using antibodies recognizing

Gal12 (A1), Ga13 (A2), Col1A1 (A3), FN (A4), SMA (A5), or tubulin (A6). Data are the mean values + SD from three independent cultures per

treatment. *P < 0.05,

*P <0.01; *P <0.001; ***P <0.001, one-way ANOVA with Tukey correction for multiple comparisons.
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Combined knockdown of Ga12 and Ga13 inhibits TGF-p-induced Smad2/3

phosphorylation

To begin understanding the mechanism by which Go12/13 control TGF-B-induced myofibroblast differenti-
ation, we tested the effect of combined Go12/13 knockdown on TGF-B-induced phosphorylation of Smad2 and
Smad3 — an initial event in TGF-P receptor signaling. As shown in Figure 5, Ga12/13 knockdown significantly
inhibited TGF-B-induced phosphorylation of both Smad2 and Smad3, as assessed by Western blotting with
corresponding phospho-Smad antibodies. The total levels of Smad2 were not significantly affected, whereas
Smad3 expression was significantly reduced by up to 25% under Go12/13 knockdown conditions. Normalized
data revealed a substantial and highly significant reduction of P-Smad2/Smad2 (45%) and P-Smad3/Smad3
(64%) ratios under siGo12/13 treatment. These data suggest that the decrease in Smad2/3 phosphorylation
could not be explained solely by a reduction of Smad2/3 levels. Therefore, we next examined TGF-f receptor
levels and observed highly significant reductions in the expressions of TGFBR1 (37%) and (to a lesser extent)
TGFBR2 (26%) in HLFs treated with siGa12/13 as compared with HLFs treated with control siRNA (Figure 5).
Together, these data suggest that Go12/13 regulate TGF-B-induced Smad2/3 phosphorylation by controlling
the expression of TGF-f receptors and Smad3.

Discussion

The major finding of this study is the discovery that Ga12/13 proteins mediate TGF-B-induced myofibroblast
differentiation, at least in part through control of proximal TGF-B signaling (Smad2/3 phosphorylation)
(Figures 4 and 5). An important question is whether TGF-B can indirectly activate G protein signaling,
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Figure 5. Combined knockdown of Ga12 and Ga13 inhibits TGF-B-induced Smad2/3 phosphorylation and reduces TGFp receptor levels.

(A) Representative images and quantification of western blot analyses of HLF transfected overnight with control siRNA (siC, 10 nM) or with a
combination of siRNAs targeting Go12 (5 nM) and Ga13 (5 nM). HLF were next serum starved for 48 h and additionally treated with either vehicle or
1 ng/ml TGF-B for 30 min. Protein lysates were analyzed by western blotting using antibodies against p-Smad2, Smad2, p-Smad3, Smad3,
TGFBR1, TGFBR2, or B-actin. Quantifications show chemiluminescence levels of p-Smad2 (A1), Smad?2 (A2), ratios of p-Smad2/Smad2 (A3),
p-Smad3 (A4), Smad3 (A5), ratios of p-Smad3/Smad3 (A6), TGFBR1 (A7), TGFBR2 (A8) and B-actin (A9), normalized to actin levels and average of
siC. Data are the mean values + SD from four independent cultures per treatment. *P < 0.05; **P < 0.01; **P < 0.001; ***P < 0.001, one-way ANOVA
with Tukey correction for multiple comparisons.

specifically that of Gol2/13. We and others have previously demonstrated that TGF-B, through
Smad-dependent gene transcription, recruits RhoA signaling, actin polymerization and activation of a tran-
scription factor, serum response factor, for the induction of SMA expression in fibroblasts [28,41,42]. Given
that the RhoA pathway is activated by Ga12/13 [22-25], it is reasonable to propose that Ga12/13 are activated
at some point through TGF- signaling. This notion is supported by our finding that Ga12/13 knockdown also
abolished TGF-B-induced phosphorylation of myosin light chain (Supplementary Figure S7), which is con-
trolled by Rho-mediated signaling [43] and has been commonly used as indirect assay for RhoA activation
[44-46]. Another question is: which GPCRs may be activated during TGF-f signaling. Some candidate GPCRs
are worthy of consideration based on current reports. It was shown that LPA, sphingosine-1-phospphate (S1P)
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and thrombin co-operate in human dermal fibroblasts with TGF-B to induce extracellular matrix synthesis,
myofibroblast marker expression and cytokine secretion [47]. Sphingosine-1 phosphate (S1P) receptor signaling
was shown to be important for TGF-B-induced myofibroblast differentiation in a number of studies [48-50].
Last but not least, TGF-f induces ET1 expression [51], although it may also down-regulate ET1 receptors [52].
More than 30 GPCRs have been reported to couple to Ga12/13 [53]; hence, identification of critical GPCRs
mediating TGF-P signaling related to myofibroblast differentiation requires further investigation and is of
potential therapeutic importance for treatment of tissue fibrosis.

We also observed that while combined knockdown of Go12/13 abolished TGF-B-induced myofibroblast dif-
ferentiation, knockdown of Ga12 alone had a significant (though partial) inhibitory effect whereas knockdown
of Ga13 had not (Figure 4). It is noteworthy that while both Go12 and Gal3 are linked to RhoA activation,
they may recruit different Rho GEFs [22-25] and they may couple to different GPCRs [54], the molecular
mechanisms of which have been under investigation [55]. Our studies have not revealed a role of Goi and
Goag/11 in TGF-B-induced myofibroblast differentiation (Figures 2 and 3). This, however, does not negate the
significance of Gai and Goq/11 for fibroblast biology, given the established importance of Goi/GBy and Gaq/
11 signaling in cell proliferation, migration and contraction — all critical for the function of fibroblasts in
wound healing and pathogenesis of tissue fibrosis. Finally, inhibition of TGF-p-induced myofibroblast differen-
tiation by CTX or forskolin (Figure 1, Supplementary Figures S1-S3) was intuitively expected given the
reported inhibitory effects of cAMP-promoting agonists (i.e. prostaglandin E2, prostacyclin, adrenomedullin)
[26-29]. However, to our knowledge, this is the first direct demonstration of regulation of TGF-B-induced myo-
fibroblast differentiation by Gas without affecting the proximal TGF-p signaling (Smad2/3 phosphorylation).

Our results suggest that a dependence of TGFBR1/2 and Smad3 expression on Ga12/13 (Figure 5) could be
one mechanism by which Ga:12/13 control TGF-B-induced myofibroblast differentiation, which will be evaluated
in the future by forced overexpression of Smad3 and TGFBR1/2. The proteasome inhibitor MG-132 had no sig-
nificant effect on TGF-B-induced expression of Coll1Al and SMA, and it even mildly decreased TGF-B-induced
FN expression; but importantly, MG-132 did not reverse the inhibitory effect of Ga12/13 knockdown on the
effects of TGF-B (Supplementary Figure S8). This suggests that proteasomal protein degradation is not the key
mechanism for the regulation of TGF-B-induced myofibroblast differentiation by Ga12/13. Furthermore, Go12/
13 knockdown did not affect basal or TGF-B-induced mRNA levels of the mitochondrial metabolic genes
NDUFA4, SDHB and COX17 (Supplementary Figure S9) that we have previously investigated in relation to myo-
fibroblast biology [56]. Thus, down-regulation of TGFBR1/2 and Smad3 expression resulting from Go12/13
knockdown may not be the sole mechanism of regulation of myofibroblast differentiation by Go12/13 proteins.

Other possibilities of regulation of Smad2/3 phosphorylation may exist, e.g. at the level of interaction of
TGFBR1 with Smad2/3. For example, it was shown that the small GTPase RhoB (but not RhoA) interacts with
Smad3, blocks the interaction of Smad3 with TGFBR1and prohibits its phosphorylation [57]. The mechanisms
by which Goi12/13 control Smad2/3 signaling require further investigation.

In all, our study describes a novel cross-talk between TGF-p and G protein signaling in the context of myofi-
broblast differentiation and encourages new investigations on this cross-talk in other cellular functions of TGF-p.

Materials and methods
Primary culture of HLFs

HLFs were isolated from the lungs of patients with idiopathic pulmonary fibrosis shortly after their removal
during lung transplantation at the University of Chicago, under IRB protocol #14514A as described previously
[46]. Human lung tissue samples were placed in Dulbecco’s Modified Eagle Medium (DMEM) with antibiotics.
Lung tissue was minced to ~1 mm® pieces, washed, and plated on 10-cm plates in growth media containing
DMEM supplemented with 10% FBS and antibiotics. The media was changed twice a week. After ~2 weeks,
the explanted and amplified fibroblasts were trypsinized, cleared from tissue pieces by sedimentation, and
further amplified as passage 1. Unless indicated, cells were grown in growth media for 24 h, starved in DMEM
containing 0.1% FBS for 48 h, and treated with desired drugs for various times as indicated in the figure
legends. Primary cultures were used from passage 3 to 8.

siRNA-mediated knockdown

HLFs were plated at a density of 0.4 x 10° cells per well (24-well plates) and were grown for 24 h. Cells were
then transfected with total of 10 nM desired siRNA using Lipofectamine RNAiMAX Reagent (ThermoFisher
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Scientific, Waltham, MA, U.S.A.) according to the standard protocol, and kept in growth media for additional
24 h, followed by serum starvation in DMEM with 0.1% FBS for 48 h, and then by treatment with TGF- for
desired times. siRNAs for Gas (Hs_GNAS_4: AACCAAAGTGCAGGACATCAA), Gagq (HS_GNAQ_S:
GACGACGAGAATATCAATTAT), Gall (HS_GNA1l1_6: AGCGACAAGATCATCTACTCA), Gal2
(HS_GNA12_2: CCGGATCGGCCAGCTGAATTA, Gal3 (HS_GNA13_1: CCCGACTGCTTACCAAATTAA,
or control siRNA (1027281, sequence proprietary) were from Qiagen. Supplementary Figure S10 shows that a
control siRNA (siC) had no significant effect on TGF-B-induced expression of CollAl, although it inhibited
this effect on FN and SMA by 25% and 20%, respectively. Therefore, all the siRNA experiments included siC
as control.

Western blotting

Western blotting was performed as described previously [46]. HLFs were lysed in a buffer containing 8M deio-
nized urea, 1% SDS, 10% glycerol, 60 mM Tris-HCI, pH 6.8, 0.02% pyronin Y, and 5% B-mercaptoethanol.
Lysates were sonicated for 5s. Samples were then subjected to polyacrylamide gel electrophoresis and Western
blotting with desired primary antibodies and corresponding horseradish peroxidase (HRP)-conjugated second-
ary antibodies and developed by chemiluminescence reaction. Digital chemiluminescent images below the sat-
uration level were obtained with a LAS-4000 analyzer, and light intensity was quantified using Multi Gauge
software (Fujifilm, Valhalla, NY, U.S.A.). Primary antibodies were validated by molecular mass of target pro-
teins and by siRNA-mediated knockdown (Supplementary Figure S11).

RNA isolation and quantitative PCR

RNA was isolated using the GenElute Total RNA Purification Kit (Sigma) and reverse transcribed using iScript
Reverse Transcription Supermix (Bio-Rad). Quantitative mRNA expression was determined by real-time
RT-PCR using ITaq Universal SYBR Green Supermix (Bio-Rad). The list of primers used for PCR is presented
in Supplementary Figure S12.

Immunofluorescence microscopy

Cells were grown on glass chamber slides, serum starved and treated with desired agonists for desired times.
Cells were washed twice with ice-cold PBS, fixed in 4% paraformaldehyde in PBS for 15 min at room tempera-
ture, washed again with PBS, and permeabilized in 0.5% Triton-X100 in PBS for 5 min, followed by incubation
with 1% bovine serum albumin and 5% goat serum in PBS for 1 h. Cells were then incubated with antibodies
against SMA (1:300) in PBS/BSA overnight at 4°C, washed five times with PBS, followed by incubation with
Alexa Flour™ 594 goat anti-mouse IgG (Invitrogen, A11032, 1-300) in PBS/BSA for 1 h at room temperature.
The slides were additionally washed five times with PBS, and the coverslips were mounted using
VECTASHIELD antifade mounting medium containing DAPI for staining of nuclei. Images were taken under
Nikon Ti-2 fluorescent microscope.

Materials

Recombinant TGF-B (T7039), CTX (227036) and PTX (516560) were from Millipore-Sigma. The following
antibodies for Western blotting were from Millipore-Sigma: SMA (A5228, 10,000x), B-actin (A5441, 10,000x),
o-tubulin (T6074, 10,000x). FN antibody (610077, 1000x) was from BD Transduction. Antibodies against
human collagen-1A1 (sc-28657, 1000x), TGFBR2 (sc-400) were from Santa Cruz Biotechnology. Antibodies
against Smad2 (L1603, 1000x), phospho-Smad2-Ser465/467 (138D4, 1000x), phospho-Smad3-Ser423/425,
1000x) were from Cell Signaling Technology. Gol2 antibody (GTX114147, 1000x) and Gol3 antibody
(GTX32613, 1000x) were from GeneTex. Gas antibody was from ABclonal (A5546, 1000x). Smad3 antibody
(06-920, 1000x) was from Upstate Biotechnology. TGFBR1 antibody (AB235578, 1000x) was from Abcam.
Secondary HRP-conjugated antibodies for western blotting (1:3000 dilution) were from Millipore-Sigma
(40-139-32 — anti-rabbit IgG, 40-125-32 — anti-mouse IgG).

Statistical analysis

In this study, a replicate (n) represents an independently plated and treated HLF culture. All individual data
points are presented in figures along with mean values * standard deviation (SD). Results were analyzed for
normal distribution using a Shapiro-Wilk test. Normally distributed data were further statistically compared
using one-way ANOVA with the Tukey honest significant difference post hoc correction for multiple
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comparisons. Values of P <0.05 were considered statistically significant. All statistical analyses were performed
in Prism v. 10.2.3 (GraphPad Software, Boston, MA, U.S.A.).
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Data obtained in this study are available upon request to the corresponding author.

Competing Interests
The authors declare that there are no competing interests associated with the manuscript.

Funding
This study was supported by NHLBI R01 HL149993 (to N.O.D.) and NINDS R01 NS111943 (to A.A.M.).

CRediT Author Contribution

Nickolai O. Dulin: Conceptualization, Formal analysis, Supervision, Writing — original draft, Project
administration, Writing — review and editing. Eleanor B. Reed: Data curation, Validation, Investigation, Writing
— original draft, Writing — review and editing. Albert Sitikov: Formal analysis, Investigation, Methodology,
Writing — original draft, Writing — review and editing. Kun Woo D. Shin: Formal analysis, Investigation,
Methodology, Writing — review and editing. Robert B. Hamanaka: Conceptualization, Formal analysis,
Investigation, Writing — original draft, Writing — review and editing. Rengiil Cetin-Atalay: Conceptualization,
Formal analysis, Investigation, Writing — original draft, Writing — review and editing. Gékhan M. Mutlu:
Conceptualization, Data curation, Writing — original draft, Writing — review and editing. Alexander A. Mongin:
Conceptualization, Formal analysis, Writing — original draft, Writing — review and editing.

Acknowledgements
Authors thank Dr. Tzu-Pin Shentu, Dr. Bohao Chen, and Dr. Julian Solway, for assistance in imaging and revision
of the manuscript.

Abbreviations

Col1A1, collagen-1 isoform-A1; CTX, cholera toxin; DMEM, Dulbecco’s Modified Eagle Medium; ET-1,
endothelin-1; FN, fibronectin; GPCR, G protein coupled receptor; HLF, human lung fibroblasts; HRP, horseradish
peroxidase; LPA, lysophosphatidic acid; NRK, normal rat kidney; PKA, protein kinase A; PTX, pertussis toxin;
siRNA, short interfering RNA; SMA, smooth muscle a-actin; TGF-B, transforming growth factor-..

References

1 Anzano, M.A., Roberts, A.B., Meyers, C.A., Komoriya, A., Lamb, L.C., Smith, J.M. et al. (1982) Synergistic interaction of two classes of transforming
growth factors from murine sarcoma cells. Cancer Res. 42, 4776-4778; PMID: 6290046. https://aacrjournals.org/cancerres/article/42/11/4776/
486253/Communication-Synergistic-Interaction-of-Two

2 Anzano, M.A., Roberts, A.B., Smith, J.M., Sporn, M.B. and De Larco, J.E. (1983) Sarcoma growth factor from conditioned medium of virally transformed
cells is composed of both type alpha and type beta transforming growth factors. Proc. Natl Acad. Sci. U.S.A. 80, 6264—6268 https://doi.org/10.1073/
pnas.80.20.6264

3 Roberts, A.B., Anzano, M.A., Wakefield, L.M., Roche, N.S., Stern, D.F. and Sporn, M.B. (1985) Type beta transforming growth factor: a bifunctional
regulator of cellular growth. Proc. Natl Acad. Sci. U.S.A. 82, 119-123 https://doi.org/10.1073/pnas.82.1.119

4 Massague, J. and Sheppard, D. (2003) TGF-beta signaling in health and disease. Cell 186, 4007—-4037 https://doi.org/10.1016/j.cell.2023.07.036

5 Gabbiani, G., Ryan, G.B. and Majne, G. (1971) Presence of modified fibroblasts in granulation tissue and their possible role in wound contraction.
Experientia 27, 549-550 https://doi.org/10.1007/BF02147594

6  Majno, G., Gabbiani, G., Hirschel, B.J., Ryan, G.B. and Statkov, P.R. (1971) Contraction of granulation tissue in vitro: similarity to smooth muscle.
Science 173, 548-550 https://doi.org/10.1126/science.173.3996.548

7 Gabbiani, G. (2003) The myofibroblast in wound healing and fibrocontractive diseases. J. Pathol. 200, 500-503 https://doi.org/10.1002/path.1427

8 Sandbo, N. and Dulin, N. (2011) Actin cytoskeleton in myofibroblast differentiation: ultrastructure defining form and driving function. Transl. Res. 158,
181-196 https://doi.org/10.1016/j.trs.2011.05.004

9  Sandbo, N., Smolyaninova, L.V., Orlov, S.N. and Dulin, N.0. (2016) Control of myofibroblast differentiation and function by cytoskeletal signaling.
Biochemistry 81, 1698-1708 https://doi.org/10.1134/S0006297916130071

10 Desmouliere, A., Chaponnier, C. and Gabbiani, G. (2005) Tissue repair, contraction, and the myofibroblast. Wound Repair Regen. 13, 7-12 https://doi.
org/10.1111/1.1067-1927.2005.130102.x

11 Hinz, B., Phan, S.H., Thannickal, V.J., Prunotto, M., Desmouliere, A., Varga, J. et al. (2012) Recent developments in myofibroblast biology: paradigms
for connective tissue remodeling. Am. J. Pathol. 180, 1340-1355 https://doi.org/10.1016/j.ajpath.2012.02.004

12 Desmouliere, A., Geinoz, A., Gabbiani, F. and Gabbiani, G. (1993) Transforming growth factor-beta 1 induces alpha-smooth muscle actin expression in
granulation tissue myofibroblasts and in quiescent and growing cultured fibroblasts. J. Cell Biol. 122, 103—111 https://doi.org/10.1083/jch.122.1.103

1 946 © 2024 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY).


http://www.ncbi.nlm.nih.gov/pubmed/6290046
https://aacrjournals.org/cancerres/article/42/11/4776/486253/Communication-Synergistic-Interaction-of-Two
https://aacrjournals.org/cancerres/article/42/11/4776/486253/Communication-Synergistic-Interaction-of-Two
https://doi.org/10.1073/pnas.80.20.6264
https://doi.org/10.1073/pnas.80.20.6264
https://doi.org/10.1073/pnas.82.1.119
https://doi.org/10.1016/j.cell.2023.07.036
https://doi.org/10.1007/BF02147594
https://doi.org/10.1126/science.173.3996.548
https://doi.org/10.1002/path.1427
https://doi.org/10.1016/j.trsl.2011.05.004
https://doi.org/10.1134/S0006297916130071
https://doi.org/10.1111/j.1067-1927.2005.130102.x
https://doi.org/10.1111/j.1067-1927.2005.130102.x
https://doi.org/10.1111/j.1067-1927.2005.130102.x
https://doi.org/10.1016/j.ajpath.2012.02.004
https://doi.org/10.1083/jcb.122.1.103
https://creativecommons.org/licenses/by/4.0/

Biochemical Journal (2024) 481 1937-1948

PORTLAND

L)
https://doi.org/10.1042/BCJ20240317 ... PRESS

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

© 2024 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY).

Derynck, R. and Zhang, Y.E. (2003) Smad-dependent and Smad-independent pathways in TGF-beta family signalling. Nature 425, 577-584 https://doi.
0rg/10.1038/nature02006

Derynck, R. and Budi, E.H. (2019) Specificity, versatility, and control of TGF-beta family signaling. Sci. Signal. 12, eaav5183 https://doi.org/10.1126/
scisignal.aav5183

Sunahara, R.K. and Insel, P.A. (2016) The molecular pharmacology of G protein signaling then and now: a tribute to Alfred G. Gilman. Mol. Pharmacol.
89, 585-592 https://doi.org/10.1124/mol.116.104216

Neves, S.R., Ram, P.T. and lyengar, R. (2002) G protein pathways. Science 296, 1636—1639 https://doi.org/10.1126/science.1071550

Gilman, A.G. (1995) Nobel Lecture. G proteins and regulation of adenylyl cyclase. Biosci. Rep. 15, 65-97 https://doi.org/10.1007/BF01200143
Strathmann, M. and Simon, M.I. (1990) G protein diversity: a distinct class of alpha subunits is present in vertebrates and invertebrates. Proc. Nat/
Acad. Sci. U.S.A. 87, 9113-9117 https://doi.org/10.1073/pnas.87.23.9113

Wilkie, T.M., Scherle, P.A., Strathmann, M.P., Slepak, V.Z. and Simon, M.I. (1991) Characterization of G-protein alpha subunits in the Gq class: expression
in murine tissues and in stromal and hematopoietic cell lines. Proc. Natl Acad. Sci. U.S.A. 88, 10049-10053 https://doi.org/10.1073/pnas.88.22.10049
Williamson, J.R. and Monck, J.R. (1989) Hormone effects on cellular Ca2+ fluxes. Annu. Rev. Physiol. 51, 107—124 https://doi.org/10.1146/annurev.
ph.51.030189.000543

Smrcka, A.V. and Sternweis, P.C. (1993) Regulation of purified subtypes of phosphatidylinositol-specific phospholipase C beta by G protein alpha and
beta gamma subunits. J. Biol. Chem. 268, 9667-9674 https://doi.org/10.1016/50021-9258(18)98401-2

Kozasa, T., Jiang, X., Hart, M.J., Sternweis, P.M., Singer, W.D., Gilman, A.G. et al. (1998) P115 RhoGEF, a GTPase activating protein for Galpha12 and
Galphal3. Science 280, 2109-2111 https://doi.org/10.1126/science.280.5372.2109

Hart, M.J., Jiang, X., Kozasa, T., Roscoe, W., Singer, W.D., Gilman, A.G. et al. (1998) Direct stimulation of the guanine nucleotide exchange activity of
p115 RhoGEF by Galpha13. Science 280, 21122114 https://doi.org/10.1126/science.280.5372.2112

Fukuhara, S., Murga, C., Zohar, M., Igishi, T. and Gutkind, J.S. (1999) A novel PDZ domain containing guanine nucleotide exchange factor links
heterotrimeric G proteins to Rho. J. Biol. Chem. 274, 5868-5879 https://doi.org/10.1074/jbc.274.9.5868

Fukuhara, S., Chikumi, H. and Gutkind, J.S. (2000) Leukemia-associated Rho guanine nucleotide exchange factor (LARG) links heterotrimeric G proteins
of the G(12) family to Rho. FEBS Lett. 485, 183—188 https://doi.org/10.1016/S0014-5793(00)02224-9

Kolodsick, J.E., Peters-Golden, M., Larios, J., Toews, G.B., Thannickal, V.J. and Moore, B.B. (2003) Prostaglandin E2 inhibits fibroblast to myofibroblast
transition via E. prostanoid receptor 2 signaling and cyclic adenosine monophosphate elevation. Am. J. Respir. Cell Mol. Biol. 29, 537—544 https://doi.
0rg/10.1165/rcmb.2002-02430C

Kach, J., Sandbo, N., La, J., Denner, D., Reed, E.B., Akimova, O. et al. (2014) Antifibrotic effects of noscapine through activation of prostaglandin E2
receptors and protein kinase A. J. Biol. Chem. 289, 7505-7513 https://doi.org/10.1074/jbc.M113.546812

Sandbo, N., Kregel, S., Taurin, S., Bhorade, S. and Dulin, N.O. (2009) Critical role of serum response factor in pulmonary myofibroblast differentiation
induced by TGF-beta. Am. J. Respir. Cell Mol. Biol. 41, 332—338 https://doi.org/10.1165/rcmb.2008-02880C

Kach, J., Sandbo, N., Sethakorn, N., Williams, J., Reed, E.B., La, J. et al. (2013) Regulation of myofibroblast differentiation and bleomycin-induced
pulmonary fibrosis by adrenomedullin. Am. J. Physiol. Lung Cell. Mol. Physiol. 304, L757-L764 https://doi.org/10.1152/ajplung.00262.2012

Taurin, S., Hogarth, K., Sandbo, N., Yau, D.M. and Dulin, N.O. (2007) Gbetagamma-mediated prostacyclin production and cAMP-dependent protein
kinase activation by endothelin-1 promotes vascular smooth muscle cell hypertrophy through inhibition of glycogen synthase kinase-3. J. Biol. Chem.
282, 19518-19525 https://doi.org/10.1074/jbc.M702655200

Pyne, N.J., Dubois, G. and Pyne, S. (2013) Role of sphingosine 1-phosphate and lysophosphatidic acid in fibrosis. Biochim. Biophys. Acta 1831,
228-238 https://doi.org/10.1016/).bbalip.2012.07.003

Shea, B.S. and Tager, A.M. (2012) Role of the lysophospholipid mediators lysophosphatidic acid and sphingosine 1-phosphate in lung fibrosis. Proc.
Am. Thorac. Soc. 9, 102—110 https://doi.org/10.1513/pats.201201-005AW

Kagami, S., Border, W.A., Miller, D.E. and Noble, N.A. (1994) Angiotensin Il stimulates extracellular matrix protein synthesis through induction of
transforming growth factor-beta expression in rat glomerular mesangial cells. J. Clin. Invest, 93, 2431-2437 https://doi.org/10.1172/JCI117251
Yamabe, H., Osawa, H., Inuma, H., Kaizuka, M., Tamura, N., Tsunoda, S. et al. (1997) Thrombin stimulates production of transforming growth
factor-beta by cultured human mesangial cells. Nephrol. Dial. Transplant. 12, 438—442 https://doi.org/10.1093/ndt/12.3.438

Taipale, J., Koli, K. and Keski-Oja, J. (1992) Release of transforming growth factor-beta 1 from the pericellular matrix of cultured fibroblasts and
fibrosarcoma cells by plasmin and thrombin. J. Biol. Chem. 267, 25378—25384 https://doi.org/10.1016/50021-9258(19)74051-4

Kahn, R.A. and Gilman, A.G. (1984) ADP-ribosylation of Gs promotes the dissociation of its alpha and beta subunits. J. Biol. Chem. 259, 6235-6240
https://doi.org/10.1016/50021-9258(20)82131-0

Taurin, S., Sandbo, N., Qin, Y., Browning, D. and Dulin, N.O. (2006) Phosphorylation of beta-catenin by cyclic AMP-dependent protein kinase. J. Biol.
Chem. 281, 9971-9976 https://doi.org/10.1074/jbc.M508778200

Nadella, K.S., Saji, M., Jacob, N.K., Pavel, E., Ringel, M.D. and Kirschner, L.S. (2009) Regulation of actin function by protein kinase A-mediated
phosphorylation of Limk1. EMBO Rep. 10, 599-605 https://doi.org/10.1038/embor.2009.58

Bokoch, G.M. and Gilman, A.G. (1984) Inhibition of receptor-mediated release of arachidonic acid by pertussis toxin. Cell 39, 301-308 https://doi.org/
10.1016/0092-8674(84)90008-4

Pines, M., Santora, A., Gierschik, P., Menczel, J. and Spiegel, A. (1986) The inhibitory guanine nucleotide regulatory protein modulates
agonist-stimulated cCAMP production in rat osteosarcoma cells. Bone Miner. 1, 15-26 https://doi.org/10.1002/jbmr.5650010105

Miralles, F., Posern, G., Zaromytidou, A.l. and Treisman, R. (2003) Actin dynamics control SRF activity by regulation of its coactivator MAL. Cell 113,
329-342 https://doi.org/10.1016/50092-8674(03)00278-2

Sandbo, N., Lau, A., Kach, J., Ngam, C., Yau, D. and Dulin, N.O. (2011) Delayed stress fiber formation mediates pulmonary myofibroblast differentiation
in response to TGF-beta. Am. J. Physiol. Lung Cell. Mol. Physiol. 301, L656-L666 https://doi.org/10.1152/ajplung.00166.2011

Kimura, K., Ito, M., Amano, M., Chihara, K., Fukata, Y., Nakafuku, M. et al. (1996) Regulation of myosin phosphatase by Rho and Rho-associated
kinase (Rho-kinase). Science 273, 245-248 https://doi.org/10.1126/science.273.5272.245

Birukova, A.A., Shah, A.S., Tian, Y., Moldobaeva, N. and Birukov, K.G. (2016) Dual role of vinculin in barrier-disruptive and barrier-enhancing endothelial
cell responses. Cell Signal. 28, 541-551 https://doi.org/10.1016/j.cellsig.2016.02.015

1947


https://doi.org/10.1038/nature02006
https://doi.org/10.1038/nature02006
https://doi.org/10.1126/scisignal.aav5183
https://doi.org/10.1126/scisignal.aav5183
https://doi.org/10.1124/mol.116.104216
https://doi.org/10.1126/science.1071550
https://doi.org/10.1007/BF01200143
https://doi.org/10.1073/pnas.87.23.9113
https://doi.org/10.1073/pnas.88.22.10049
https://doi.org/10.1146/annurev.ph.51.030189.000543
https://doi.org/10.1146/annurev.ph.51.030189.000543
https://doi.org/10.1016/S0021-9258(18)98401-2
https://doi.org/10.1016/S0021-9258(18)98401-2
https://doi.org/10.1016/S0021-9258(18)98401-2
https://doi.org/10.1126/science.280.5372.2109
https://doi.org/10.1126/science.280.5372.2112
https://doi.org/10.1074/jbc.274.9.5868
https://doi.org/10.1016/S0014-5793(00)02224-9
https://doi.org/10.1016/S0014-5793(00)02224-9
https://doi.org/10.1016/S0014-5793(00)02224-9
https://doi.org/10.1165/rcmb.2002-0243OC
https://doi.org/10.1165/rcmb.2002-0243OC
https://doi.org/10.1165/rcmb.2002-0243OC
https://doi.org/10.1074/jbc.M113.546812
https://doi.org/10.1165/rcmb.2008-0288OC
https://doi.org/10.1165/rcmb.2008-0288OC
https://doi.org/10.1152/ajplung.00262.2012
https://doi.org/10.1074/jbc.M702655200
https://doi.org/10.1016/j.bbalip.2012.07.003
https://doi.org/10.1513/pats.201201-005AW
https://doi.org/10.1513/pats.201201-005AW
https://doi.org/10.1172/JCI117251
https://doi.org/10.1093/ndt/12.3.438
https://doi.org/10.1016/S0021-9258(19)74051-4
https://doi.org/10.1016/S0021-9258(19)74051-4
https://doi.org/10.1016/S0021-9258(19)74051-4
https://doi.org/10.1016/S0021-9258(20)82131-0
https://doi.org/10.1016/S0021-9258(20)82131-0
https://doi.org/10.1016/S0021-9258(20)82131-0
https://doi.org/10.1074/jbc.M508778200
https://doi.org/10.1038/embor.2009.58
https://doi.org/10.1016/0092-8674(84)90008-4
https://doi.org/10.1016/0092-8674(84)90008-4
https://doi.org/10.1016/0092-8674(84)90008-4
https://doi.org/10.1016/0092-8674(84)90008-4
https://doi.org/10.1002/jbmr.5650010105
https://doi.org/10.1016/S0092-8674(03)00278-2
https://doi.org/10.1016/S0092-8674(03)00278-2
https://doi.org/10.1016/S0092-8674(03)00278-2
https://doi.org/10.1152/ajplung.00166.2011
https://doi.org/10.1126/science.273.5272.245
https://doi.org/10.1016/j.cellsig.2016.02.015
https://creativecommons.org/licenses/by/4.0/

<. = PORTLAND Biochemical Journal (2024) 481 1937-1948
Q.. PRESS https://doi.org/10.1042/BCJ20240317

45 Birukova, A.A., Tian, X., Cokic, I., Beckham, Y., Gardel, M.L. and Birukov, K.G. (2013) Endothelial barrier disruption and recovery is controlled by
substrate stiffness. Microvasc. Res. 87, 50-57 https://doi.org/10.1016/j.mvr.2012.12.006

46 Reed, E.B., Orbeta, S., Miao, B.A., Sitikov, A., Chen, B., Levitan, I. et al. (2023) Anoctamin-1 is induced by TGF-beta and contributes to lung
myofibroblast differentiation. Am. J. Physiol. Lung Cell. Mol. Physiol. 326, L111-L123 https://doi.org/10.1152/ajplung.00155.2023

47 Zmajkovicova, K., Bauer, Y., Menyhart, K., Schnoebelen, M., Freti, D., Boucher, M. et al. (2020) GPCR-induced YAP activation sensitizes fibroblasts to
profibrotic activity of TGFbetal. PLoS One 15, €0228195 https://doi.org/10.1371/journal.pone.0228195

48  Kono, Y., Nishiuma, T., Nishimura, Y., Kotani, Y., Okada, T., Nakamura, S. et al. (2007) Sphingosine kinase 1 regulates differentiation of human and
mouse lung fibroblasts mediated by TGF-betal. Am. J. Respir. Cell Mol. Biol. 37, 395-404 https://doi.org/10.1165/rcmb.2007-00650C

49  Huang, L.S. and Natarajan, V. (2015) Sphingolipids in pulmonary fibrosis. Adv. Biol. Regul. 57, 55-63 https://doi.org/10.1016/j.jbior.2014.09.008

50 Beach, J.A., Aspuria, P.J., Cheon, D.J., Lawrenson, K., Agadjanian, H., Walsh, C.S. et al. (2016) Sphingosine kinase 1 is required for TGF-beta
mediated fibroblastto- myofibroblast differentiation in ovarian cancer. Oncotarget 7, 4167-4182 https://doi.org/10.18632/oncotarget.6703

51 Rodriguez-Pascual, F., Reimunde, F.M., Redondo-Horcajo, M. and Lamas, S. (2004) Transforming growth factor-beta induces endothelin-1 expression
through activation of the Smad signaling pathway. J. Cardiovasc. Pharmacol. 44, S39-S42 https://doi.org/10.1097/01.fic.0000166216.27544.22

52  Gabriel, A., Kuddus, R.H., Rao, A.S. and Gandhi, C.R. (1999) Down-regulation of endothelin receptors by transforming growth factor betal in hepatic
stellate cells. J. Hepatol. 30, 440-450 https://doi.org/10.1016/50168-8278(99)80103-2

53  Riobo, N.A. and Manning, D.R. (2005) Receptors coupled to heterotrimeric G proteins of the G12 family. Trends Pharmacol. Sci. 26, 146—154
https://doi.org/10.1016/}.tips.2005.01.007

54 Gohla, A., Offermanns, S., Wilkie, T.M. and Schultz, G. (1999) Differential involvement of Galpha12 and Galpha13 in receptor-mediated stress fiber
formation. J. Biol. Chem. 274, 17901-17907 https://doi.org/10.1074/jbc.274.25.17901

55 Mackenzie, A.E., Quon, T., Lin, L.C., Hauser, A.S., Jenkins, L., Inoue, A. et al. (2019) Receptor selectivity between the G proteins Galpha(12) and
Galpha(13) is defined by a single leucine-to-isoleucine variation. FASEB J. 33, 5005-5017 https://doi.org/10.1096/fj.201801956R

56  Shin, KWD., Atalay, M.V, Cetin-Atalay, R., O’Leary, E.M, Glass, M.E, Szafran, J.CH. et al. ATF4 and mTOR regulate metabolic reprogramming in
TGF-beta-treated lung fibroblasts. bioRxiv https://doi.org/10.1101/2024.06.12.598694

57  Livitsanou, M., Vasilaki, E., Stournaras, C. and Kardassis, D. (2018) Modulation of TGFbeta/Smad signaling by the small GTPase RhoB. Cell Signal. 48,
54-63 https://doi.org/10.1016/j.cellsig.2018.04.007

1 948 © 2024 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY).


https://doi.org/10.1016/j.mvr.2012.12.006
https://doi.org/10.1152/ajplung.00155.2023
https://doi.org/10.1371/journal.pone.0228195
https://doi.org/10.1165/rcmb.2007-0065OC
https://doi.org/10.1165/rcmb.2007-0065OC
https://doi.org/10.1016/j.jbior.2014.09.008
https://doi.org/10.18632/oncotarget.6703
https://doi.org/10.1097/01.fjc.0000166216.27544.22
https://doi.org/10.1016/S0168-8278(99)80103-2
https://doi.org/10.1016/S0168-8278(99)80103-2
https://doi.org/10.1016/S0168-8278(99)80103-2
https://doi.org/10.1016/j.tips.2005.01.007
https://doi.org/10.1074/jbc.274.25.17901
https://doi.org/10.1096/fj.201801956R
https://doi.org/10.1101/2024.06.12.598694
https://doi.org/10.1016/j.cellsig.2018.04.007
https://creativecommons.org/licenses/by/4.0/

	Gα12 and Gα13 proteins are required for transforming growth factor-β-induced myofibroblast differentiation
	Abstract
	Introduction
	Results
	Activation of Gαs by CTX blocks TGF-β-induced myofibroblast differentiation without affecting Smad2/3 phosphorylation
	Inhibition of Gαi by PTX does not affect TGF-β-induced myofibroblast differentiation
	Knockdown of Gαq/11 does not affect TGF-β-induced myofibroblast differentiation
	Knockdown of Gα12 and Gα13 attenuates TGF-β-induced myofibroblast differentiation in a synergistic fashion
	Combined knockdown of Gα12 and Gα13 inhibits TGF-β-induced Smad2/3 phosphorylation

	Discussion
	Materials and methods
	Primary culture of HLFs
	siRNA-mediated knockdown
	Western blotting
	RNA isolation and quantitative PCR
	Immunofluorescence microscopy
	Materials
	Statistical analysis

	Data Availability
	Competing Interests
	Funding
	CRediT Author Contribution
	References


