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ASTHMA

Transgelin-2 as a therapeutic target for asthmatic

pulmonary resistance
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There is a clinical need for new bronchodilator drugs in asthma, because more than half of asthmatic patients do not
receive adequate control with current available treatments. We report that inhibition of metallothionein-2 protein
expression in lung tissues causes the increase of pulmonary resistance. Conversely, metallothionein-2 protein is more
effective than B,-agonists in reducing pulmonary resistance in rodent asthma models, alleviating tension in tracheal
spirals, and relaxing airway smooth muscle cells (ASMCs). Metallothionein-2 relaxes ASMCs via transgelin-2 (TG2) and
induces dephosphorylation of myosin phosphatase target subunit 1 (MYPT1). We identify TSG12 as a nontoxic, spe-
cific TG2-agonist that relaxes ASMCs and reduces asthmatic pulmonary resistance. In vivo, TSG12 reduces pulmonary
resistance in both ovalbumin- and house dust mite-induced asthma in mice. TSG12 induces RhoA phosphorylation,
thereby inactivating the RhoA-ROCK-MYPT1-MLC pathway and causing ASMCs relaxation. TSG12 is more effective
than B,-agonists in relaxing human ASMCs and pulmonary resistance with potential clinical advantages. These re-
sults suggest that TSG12 could be a promising therapeutic approach for treating asthma.

INTRODUCTION

Asthma is a common, chronic respiratory disease affecting more than
300 million people worldwide (I). Even in America and despite phar-
maceutical advances, asthma affects more than 40 million people, rep-
resenting about 10% of the population, and causing more than 2 million
emergency visits and 500,000 hospitalizations every year according to
the Centers for Disease Control and Prevention (2). The estimated total
cost of asthma in America was more than $56 billion in 2007 (3), and
the lifetime of the asthma population increased by more than 28%
during 2001 to 2015. Asthma is a modern clinical challenge and a major
economic burden in need for effective treatments.

Asthma is characterized by recurrent episodes of wheezing, chest
tightness, pulmonary obstruction, and respiratory insufficiency (4).
Although asthma is believed to be an allergic, eosinophilic, and
T helper 2 cell (Ty2)-mediated disease, about 50% of patients show
no evidence of a T2 phenotype, and this phenotype does not cor-
relate with the clinical symptoms (5). Moreover, Ty2-focused clinical
trials reduced inflammation but produced limited therapeutic bene-
fits, suggesting that asthma is a complex process converging in the
narrowing of the airways and subsequent pulmonary resistance (6, 7).
Thus, some current studies focus on relaxing airway smooth muscle
cells (ASMCs) in asthma (8-10). Given the role of the smooth muscles
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in narrowing the airways, ASMCs relaxation can be a promising ther-
apeutic strategy for pulmonary resistance in asthma (9, 11).

Despite its clinical implications, the etiology and mechanism of
ASMC:s contraction in asthma are not well known (9). The conventional
U.S. Food and Drug Administration (FDA)-approved treatments for
asthma include inhaled B,-agonists that exert therapeutic effects through
B.-adrenoceptors; however, more than half of asthmatic patients do
not receive adequate control with current available agents (12-14).
B,-adrenoceptors are susceptible to desensitization, and patients can
become less sensitive and unresponsive over time, leaving them with
persistent and uncontrolled symptoms (15, 16). B,-agonists also have
deleterious side effects, increasing the risk of morbidity (17, 18). B,-
agonists are often combined with corticosteroids, but corticosteroids
also increase the risk of respiratory infections, such as yeast infections
in thrush, and cause detrimental side effects, including immunosup-
pression (19, 20). Therefore, there is a clinical unmet need to design new
bronchodilator drugs to relax ASMCs and reduce pulmonary resistance
in asthma.

Metallothionein-2 (MT-2) is a member of the metallothionein
family of proteins that is highly conserved through evolution and is
expressed in mammalian airway epithelial cells and the smooth mus-
cle cells (21, 22). Although metallothioneins protect against pulmo-
nary oxidative stress during endotoxemia (23), MT-2 has not been
studied in asthma. Here, we report that MT-2 ameliorates asthmatic
pulmonary resistance by relaxing ASMCs via transgelin-2 (TG2).
Structural analyses allowed us to identify TSG12 as a nontoxic, spe-
cific TG2 agonist that is more effective than B,-agonists in relaxing
human ASMCs and reducing pulmonary resistance in asthma.

RESULTS

MT-2 reduces asthmatic pulmonary resistance

To study the pathogenesis of asthma, we analyzed MT-2 protein in lung
tissues of ovalbumin (OVA)-induced asthmatic rats. MT-2 protein levels
were consistently more than 50% lower in asthmatic lung tissues than
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in control samples (Fig. 1A). This result suggested that inhibition of
MT-2 expression may contribute to asthma. Metallothionein proteins
are highly conserved, cysteine-rich proteins expressed in pulmonary
endothelial cells (24). Given that previous studies reported that metal-
lothioneins protect against pulmonary oxidative stress during endotoxemia
(23), we reasoned that inhibition of metallothionein protein expression
can contribute to pulmonary resistance in asthma. We tested this hy-
pothesis by analyzing whether metallothionein knockout (MT-KO)
mice are more susceptible to asthma. MT-KO mice have about twofold
higher pulmonary resistance than wild-type OV A-induced asthmatic
mice (Fig. 1B).

Conversely, we reasoned that application of recombinant MT-2 may
reduce pulmonary resistance in asthma. We purified MT-2 recombi-
nant protein by affinity chromatography in nickel-nitrilotriacetic acid
(Ni-NTA) columns to treat OVA-induced asthmatic rats (Fig. 1C). In-
jection of recombinant MT-2 through an external jugular vein reduced
pulmonary resistance in asthmatic rats (Fig. 1D). We also compared the
efficacy of MT-2 with conventional FDA-approved treatments, includ-
ing B,-agonists and hydrocortisone. By comparison, a dose of MT-2
(0.1 pg/kg) elicited smooth muscle relaxation similar to that of terbutaline
(55 ug/kg) or hydrocortisone (15 mg/kg). MT-2 was more effective than
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terbutaline or corticosteroid in reducing pulmonary resistance in asth-
matic rats (Fig. 1D). Time-course analyses also showed that MT-2
induced a clinically relevant rapid response, decreasing pulmonary re-
sistance within the first 3 to 8 min after administration (fig. S1).

We also analyzed whether MT-2 reduces isometric tension in rat iso-
lated tracheal spirals. Tracheal spirals were challenged with acetylcholine
(107> M) to induce 70 to 75% of the maximal contractile response (25) and
then treated with MT-2 or terbutaline. MT-2 significantly reduced the
isometric tension of rat tracheal spirals by more than 60% (P < 0.05;
Fig. 1E). Again, MT-2 was more effective than the B,-agonist terbutaline.
A dose of 30 nM MT-2 elicits a smooth muscle relaxation 1.5-fold higher
than that of 1500 nM terbutaline. At the cellular level, MT-2 inhibited
ASMC:s contraction induced by collagen. MT-2 significantly relaxed pri-
mary rat ASMCs in a dose-dependent manner in the collagen gel contraction
assay (P < 0.05; Fig. 1F). This effect was not limited to the ASMCs contrac-
tion induced by collagen, because MT-2 also inhibited acetylcholine-
induced contraction of primary rat ASMCs (Fig. 1G). Primary rat ASMCs
were then treated with MT-2 and challenged with acetylcholine. MT-2
was more effective than terbutaline in relaxing primary rat ASMCs
(Fig. 1G). Thus, we reasoned that the MT-2 receptor responsible for relax-
ing ASMC:s can be a therapeutic target for pulmonary resistance in asthma.
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Fig. 1. MT-2 ameliorates asthmatic pulmonary resistance. (A) Western blot analyses of metallothionein-2 (MT-2) protein in control and asthmatic lung tissues from
ovalbumin (OVA)-sensitized and OVA-challenged rats. Lower panel: Mean density of MT-2 normalized to B-actin (*P < 0.05 versus control, t test; n = 5 per group). (B) Pulmonary
resistance (R) in wild-type (WT) and metallothionein knockout (MT-KO) OVA-sensitized mice challenged with vehicle (control) or OVA. (*P < 0.05 versus control and *P < 0.05
versus WT mice challenged with OVA, n = 8 per group). (C) Gel of purified rat MT-2 recombinant protein and molecular weight markers (M). (D) Pulmonary resistance peak
value sum of 2 to 4 min (sR,_4) for OVA-challenged rats without treatment (Con) or treated with terbutaline (TB; 0.055 mg/kg), hydrocortisone (HC; 15 mg/kg), or MT-2 (1, 10,
and 100 ng/kg). (*P < 0.05 versus Con, n = 8 per group). (E) Isometric tension of isolated tracheal spirals at baseline (control without challenge or treatment), challenged with
acetylcholine without treatment (ACh) or treated with TB (1500 nM) or MT-2 (15, 30, and 60 nM) (*P < 0.05 versus ACh and #p<0.05versusTB,n=5 per group). (F) Collagen
gel contraction assays of rat airway smooth muscle cells (ASMCs) at baseline (control without treatment) or treated with TB (10,000 nM) or MT-2 (15, 30, and 60 nM) (*P < 0.05
versus baseline, n = 3 per group). (G) Real-time cell analysis of rat ASMCs at baseline (control without challenge or treatment), challenged with acetylcholine without
treatment (ACh) or treated with TB (10,000 nM) or MT-2 (60 nM) (*P < 0.05 versus ACh and *P < 0.05 versus TB, n = 4 per group). All data are expressed as means + SEM.
Statistical analyses were performed by one-way analysis of variance (ANOVA) with the Games-Howell/least significant difference (LSD) post hoc test.
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MT-2 binds to TG2 in ASMCs
To identify the MT-2 receptors relaxing ASMC:s after treatment, we
first synthesized fluorescein isothiocyanate (FITC)-conjugated re-
combinant MT-2 protein for confocal microscopy (fig. S2A). FITC-
MT-2 bound to the membrane of live rat ASMCs as confirmed by
95% colocalization with Dil stain [DiIC;5(3)], a typical marker for
the cellular membrane (Fig. 2A). We then used 1251 labeled MT-2
(*I-MT-2) to analyze the binding of MT-2 to ASMCs. MT-2 showed
a strong and linear Scatchard plot of binding to ASMCs, showing that
this interaction is mediated by a single receptor. We also confirmed
that this was a strong interaction with a 33.4 nM Kp (equilibrium
dissociation constant), 6.6x10° surface binding sites per cell,and 110 pM
Biax (maximum combined value; Fig. 2B). All these results suggest
the existence of a single MT-2 receptor relaxing ASMCs.

We next identified the MT-2-binding proteins on ASMC:s. First,
we used 6xHis tag MT-2 recombinant protein as a probe to incu-
bate ASMCs membrane lysates and pull-down potential receptors.

The pull-down extracts showed two bands of 30 and 50 kDa that
were recognized by both anti-His and anti-MT-2 antibodies
(Fig. 2C). Mass spectrometer analyses of the 30-kDa band matched
TG2, and the 50-kDa band matched enolase-1 (ACn > 0.1 and
Xcorr > 3.75; fig. S2, B and C). Then, we analyzed the role of both
proteins in competitive binding experiments using blocking anti-
bodies. ASMCs were incubated with blocking antibodies against
TG2 enolase-1, D2 subclass of dopamine receptor (D2DR) as a neg-
ative control, and bovine serum albumin (BSA). '*’I-MT-2 (0.2 nM)
was used as a hot probe to quantify the specific binding, and the
competitive binding assays were performed with cold nonlabeled
probe of MT-2 at 50%, 100x, and 250x excess. Cold MT-2 protein
inhibited the binding of '*’I-MT-2 to ASMCs in a concentration-
dependent manner (Fig. 2D). The binding of 125_MT-2 to ASMCs
was inhibited only with the anti-TG2 antibody and was not affected
by any of the other antibodies against enolase-1, D2DR, or BSA
(Fig. 2D).
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TG2 (TG2, Cy3; red), nucleus (Hoechst, blue), and MT-2 (FITC, green) (scale bar, 10.0 um). (G) Gel of purified rat recombinant
TG2 protein and molecular weight markers (M). (H) Kinetic analysis of MT-2 by Biacore surface plasmon resonance with TG2

immobilized on the CM5 sensor chip. RU, response units. (I) Kinetic analysis of TG2 in Biacore surface plasmon resonance with MT-2 immobilized on the CM5 sensor chip.
The response signals were recorded over the indicated time periods. All data are expressed as means + SEM. Statistical analyses were performed by one-way ANOVA with

the Games-Howell/LSD post hoc test.
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The specific binding of MT-2 to TG2 was confirmed by inhibiting ~ MT-2 relaxes ASMCs via TG2
TG2 expression in ASMCs. First, the efficacy of small interfering RNA ~ We inhibited TG2 expression to determine whether it is specifically
(siRNA) to inhibit TG2 expression was confirmed by Western blot  required for MT-2 to relax ASMCs. The specific inhibition of TG2 pro-
analyses (Fig. 2E). Inhibition of TG2 expression specifically inhibited  tein expression by siRNA was confirmed by Western blotting. TG2
the Bpay of 2’I-MT-2 binding to ASMCs by more than 80% without  inhibition prevented the potential of MT-2 to reduce rat ASMCs con-
affecting the Kp (Fig. 2E). By contrast, inhibition of enolase-1 expres-  traction induced by either collagen or acetylcholine (Fig. 3, A and B).
sion did not affect the By, of MT-2 binding to ASMCs (fig. S2D).  Then, we reasoned that inhibition of TG2 would render the animals
Next, we studied the colocalization of MT-2 and TG2 on ASMCs by = more susceptible to asthma similar to the results described in MT-KO
confocal microscopy. The images showed a strong signal of MT-2 at  mice. Thus, we generated the TG2 knockout (TG2-KO) mice and
the membrane of live rat ASMCs and more than 95% colocalization ~ confirmed TG2 inhibition by polymerase chain reaction (PCR) and
with TG2 (Fig. 2F). Western blotting (fig. S3 and Fig. 3C). As anticipated, TG2-KO mice

The binding of MT-2 to TG2 was then studied at the structural level. ~ were more susceptible to asthma and had about twofold higher pul-
MT-2 and TG2 were purified by affinity chromatography in Ni-NTA  monary resistance than control mice (Fig. 3D).
columns (Fig. 2G). Their interaction was studied with Biacore surface The binding of MT-2 to TG2 may have a potential biological
plasmon resonance showing a strong interaction between MT-2and  function in asthma because transgelins are actin-binding proteins
TG2. MT-2 binds to TG2 linked to the CM5 sensor chip with a Kp of  that relax the cellular cytoskeleton. Thus, we analyzed the MT-2/TG2
442 nM (Fig. 2H). Conversely, TG2 binds to MT-2 linked to the sensor  intracellular mechanism relaxing ASMCs by using a protein antibody
chip with a Kp of 110 nM (Fig. 2I). To study the structural domain of ~ array. Of 1318 proteins involved in more than 30 cellular pathways
MT-2 binding to TG2, we analyzed the binding of the truncated o or analyzed, the most significant effects of MT-2 were to induce the
MT-2 domains to TG2. Neither the truncated o nor the p MT-2 do- phosphorylation of ezrin and the dephosphorylation of myosin
main fragment bound to TG2 by itself (fig. S2, E and F). These results  phosphatase target subunit 1 (MYPT1). These results were con-
suggest that both domains contribute to MT-2 binding to TG2. The firmed by Western blots against the phosphorylated isoforms com-
findings from these various assays concur in showing that MT-2 specif-  pared to the total protein (Fig. 3E). Ezrin was the cytoskeletal protein
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B C D
ASMCs collagen-gel Rat ASMCs RTCA 762 [t | TG2-KO mice
# _acti
I 0 L pocin |
E g * * 60
> § 250 E 100 T
51000 . 8 275 5
s < 200 e 540
8 o £ §° =
5 900 3 sS850 €
s =150 g 20
1004 1 1 0
Baseline TB MT-2 Baseline MT-2 Basellne ACh ACh ACh  ACh ACh WT TG2-KO OVA -
Control TG2-deficient - MT-2 _— MT-2 TG2- KO
Control TG2- deﬁC|ent
E . F H
Control MT-2 250 Lysates IP:TG2 19G Immobilized TG2 Ezrin
z Ezrin [ _ WT KO WT KO WT KO =) 100nM
oy L 38200 WB: TG2 5 30nM
Ezrin @ £ 8150 WB: Ezrin‘ L ‘ <
p-MYPT1 s® : i 52
(Tas3) 52100 £
2 % % G Lysates IP:Ezrin  19G S ; 10nM
MYPT! [ o 2 50 WT KO WT KO WT KO 2 5nM
-acti 0 WBTG2[== 3 ﬁ
Bractin s - Control MT-2 7 Control MT-2 | | $o
p-Ezrin p-MYPT1 WB: Ezrin [ i == | o«

-100 -50 0 50 100 150
Time (s)

Fig. 3. Biological function of TG2 and the interaction with MT-2. (A) Collagen gel contraction assays of rat ASMCs at baseline (control without treatment) or treated with
TB (10,000 nM) or MT-2 (60 nM) (*P < 0.05 versus baseline and #p < 0.05 versus TB, n =3 per group). (B) Comparison of control and TG2-deficient rat ASMCs challenged with
acetylcholine without treatment (ACh) or treated with TB (10,000 nM) or MT-2 (60 nM) (*P < 0.05 versus ACh and *P < 0.05 versus TB, n = 4 per group). (C) Western blot
analyses of TG2 and B-actin in lung tissue from WT or TG2 knockout (TG2-KO) mice. Lower panel: Mean density of TG2 protein normalized to B-actin protein (*P < 0.05 versus
TG2-KO by t test, n = 3 per group). (D) Pulmonary resistance (R) in WT and TG2-KO mice sensitized to OVA and challenged with vehicle (control) or OVA. (*P < 0.05 versus
control and *P < 0.05 versus WT mice challenged with OVA, n = 8 per group). (E) Western blot analyses of MT-2 on the phosphorylation and total protein of ezrin, myosin
phosphatase target subunit 1 (MYPT1) in rat ASMCs. Right panel: Corresponding densitometric analyses showing phosphorylated/total protein (%) treated with vehicle
(control) or MT-2 (30 nM) (*P < 0.05 versus control, t test; n = 3 per group). (F) Western blots of TG2 and ezrin in total lysates or immunoprecipitates with TG2 antibody
(IP: TG2) or control immunoglobulin G (IgG) of lung tissue from WT or TG2-KO mice. (G) Western blots of TG2 and ezrin in total lysates or immunoprecipitates with ezrin
antibody (IP: Ezrin) or control IgG of lung tissue from WT or TG2-KO mice. (H) Kinetic analysis of ezrin by Biacore surface plasmon resonance with TG2 immobilized on the
CM5 sensor chip. The response signals were recorded over the indicated time periods. All data are expressed as means + SEM. Statistical analyses were performed by
one-way ANOVA with the Games-Howell/LSD post hoc test.
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by Western blotting and the only protein that coimmunoprecipitated
with TG2 (Fig. 3, F and G). Previous studies showed that ezrin is a
structural protein involved in stabilizing membrane receptor com-
plexes (26, 27). We reasoned that ezrin may interact with TG2 to
stabilize the membrane receptor complex. Thus, we analyzed whether
ezrin binds to TG2 by coimmunoprecipitating either ezrin or TG2.
Both anti-TG2 coimmunoprecipitated ezrin in mouse lung tissue and,
conversely, anti-ezrin coimmunoprecipitated TG2 (Fig. 3, Fand G).
These interactions were specific because they did not appear in the
control immunoglobulin G immunoprecipitates. We next confirmed
the direct TG2-ezrin interaction with Biacore surface plasmon reso-
nance. TG2 and ezrin showed a strong interaction with a Kp 0f 73.3 nM
with TG2 covalently linked to the CM5 sensor chip (Fig. 3H). These
results concur with previous studies showing that ezrin is a critical
structural protein orchestrating receptor complexes and their inter-
action with the actin cytoskeleton (26). Thus, ezrin may play a criti-
cal role in regulating TG2 localization and interaction with the actin
cytoskeleton.

TSG12 is a specific TG2 agonist in ASMCs

We reasoned that TG2 agonists may control pulmonary resistance in
asthma. To identify specific TG2 agonists, we performed molecular
docking analyses for more than 6000 compounds from an in-house
database based on the nuclear magnetic resonance structure for the
binding site of TG2 CH domain. Of these 6000 compounds, 21 showed
an optimal docking score (<—6 Kcal/mol) (table S1), and each com-
pound was analyzed biologically by surface plasmon resonance analyses.
Among these, TSG12 (C;1H;1N304S3, N-[4-[(8-methoxy-4,4-dimethyl-
5H-dithiolo[3,4-c]quinolin-1-ylidene)amino]phenyl]sulfonylacetamide)
showed the strongest interaction with TG2 with a Kp value of 11 nM
(Fig. 4A). The docking study revealed that TG2 residues Lys’’, GIn*’,
and Val*? could form hydrogen bonds with TSG12, and residues Asn™*,
Trp™, Lys”, Asp>®, Thr®, Ala®?, Ala®, and Trp'"” were predicted to
have van der Waals interaction with TSG12 (Fig. 4B).

Next, we analyzed whether TSG12 relaxes ASMC:s specifically via
TG2. TSG12 specifically inhibited acetylcholine-induced rat ASMCs
contraction in control but not in TG2-deficient ASMCs (Fig. 4C).
TSG12 inhibited acetylcholine-induced rat ASMCs contraction in a
dose-dependent manner with a half-maximal effective concentra-
tion (ECsp) of 6.8 nM. We then used TG2-KO mice to analyze the
specificity of TSG12 in vivo. TSG12 reduced asthmatic pulmonary
resistance in control but not in TG2-KO asthmatic mice (Fig. 4D).
Next, we studied whether TSG12 induced immunological effects by
analyzing cell and immune cytokines in the bronchoalveolar lavage
fluid (BALF). Asthmatic mice challenged with house dust mite (HDM)
were treated with TSG12 (100 ng/kg), and the BALF was analyzed.
TSG12 did not affect the percentages of lymphocytes, neutrophils,
or eosinophils (table S2). Likewise, TSG12 did not affect the inflam-
matory cytokines analyzed [interleukin-2 (IL-2), IL-4, IL-5, or IL-13;
table S2]. There were no significant correlations between pulmonary
resistance of TSG12 treatment and the percentages of lymphocytes,
neutrophils, and eosinophils or levels of IL-2, IL-4, IL-5, and IL-13
(table S3). These results showed the specificity of TSG12 both in vivo
and in vitro and that TSG12 did not induce significant immunolog-
ical effects in the BALF.

Given that TSG12 relaxed ASMCs, we analyzed whether it also af-
fects the vascular smooth muscles. We analyzed the effects of TSG12
inhalation on blood pressure in vivo by using tail-cuff plethysmogra-
phy as previously reported (28, 29). Isoproterenol inhalation (10 pg/kg)

Yin et al., Sci. Transl. Med. 10, eaam8604 (2018) 7 February 2018

increased systolic blood pressure (111.6 + 1.9 mmHg versus 137.5 +
10.6 mmHg; P < 0.05; n = 8), but TSG12 inhalation (10 pg/kg) did not
affect blood pressure (119.8 + 2.8 mmHg versus 120.6 + 4.1 mmHg;
P >0.05; n = 8). Then, we analyzed TSG12 distribution after inhalation
in the serum and organs by liquid chromatography-electrospray ion-
ization tandem mass spectrometry (30). TSG12 accumulated in the
trachea and lung (Fig. 4E). Only small traces of TSG12 were observed
in the blood, and TSG12 was not detected in the other organs (Fig. 4E).
We next analyzed the metabolic stability of TSG12 and determined that
the half-life (t;/,) of TSG12 was 74.1, 13.7, and 37 min in human, mouse,
and rat liver microsomes, respectively (table S4). These results show that
TSG12 is a stable compound in vivo. We analyzed whether TSG12 af-
fects pulmonary arteries by using precision-cut lung slices. Lung slices
sectioning arteries with the lumen surrounded with smooth muscle cells
identified as “dark rings” (31) and airways with the lumen lined by epi-
thelial cells with ciliary activity (32) were treated with TSG12 for 10 min
and compared to control treatments. As expected, potassium chloride and
sodium nitroprusside contracted and dilated the artery cross-sectional
areas, respectively (Fig. 4F). By contrast, TSG12 (0.1 uM) did not affect
the arteries (Fig. 4F), but it relaxed the airways twofold more effectively
than 100 uM isoproterenol (Fig. 4G).

Next, we analyzed the intracellular mechanism of TSGI12. First,
we confirmed that TSG12 treatment induced MYPT1 dephosphoryl-
ation at Thr® in rat tracheal spirals similar to that described above
for MT-2 (Fig. 4H). Then, we confirmed that TSG12 induced the de-
phosphorylation of both MYPT1 and MLC in ASMC:s (Fig. 41). Given
that unphosphorylated MYPT1 at Thr®> activates the myosin light-
chain phosphatase (MLCP) complex to dephosphorylate MLC and
induces muscle relaxation, these results indicate that TSG12 activated
MYPT1 to dephosphorylate MLC and thereby induced ASMCs relax-
ation. Then, we analyzed the effects of TSG12 on the RhoA-ROCK-
MYPTI1-MLC pathway to determine whether TSG12 regulated
MYPT1/MLC through this pathway or whether this was a collateral
effect induced by another pathway. TSG12 induced ROCK dephos-
phorylation at Tyr’?? and RhoA phosphorylation at Ser'®® (Fig. 41).
Given that this phosphorylation inhibits RhoA and prevents ROCK
phosphorylation, our results suggest that TSG12 regulates the RhoA-
ROCK-MYPT1-MLC pathway by inhibiting RhoA and hence induc-
ing MLC dephosphorylation and relaxing ASMCs.

TG2 agonist TSG12 relaxes ASMCs and abrogates pulmonary
resistance in asthma
We analyzed the effects of TSG12 in two experimental models of
asthma, including mice challenged with either OVA or HDM. HDM
is also a common allergen with major clinical implications, causing
human allergic asthma (33). TSG12 inhalation significantly inhibited
pulmonary resistance in mice challenged with OV A ina concentration-
dependent manner (P < 0.05; Fig. 5A). In vivo, TSG12 was more effec-
tive than conventional B,-agonist terbutaline in inhibiting pulmonary
resistance. Likewise, TSG12 also inhibited pulmonary resistance by
more than 80% in mice with HDM asthma (Fig. 5B). Again, TSG12
was more effective than the B-agonist isoproterenol in reducing pul-
monary resistance in HDM asthma. As an additional control, we used
inactive control compound (CC) with a similar chemical structure of
TSG12 but without biological activity because it lacks the active car-
bonyl group (fig. S4A).

Then, we analyzed the clinical potential of TSG12 to relax human
ASMC:s. First, we confirmed that TSG12 is not cytotoxic to human
ASMC:s as shown by cell viability assay (fig. S4B). Then, we analyzed
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the effects of TSG12 on human ASMCs using real-time cell analysis
(RTCA), optical magnetic twisting cytometry (OMTC), and traction
force microscopy (TFM) assays (Fig. 5, C to F). TSG12 relaxed human
ASMCs in a dose-dependent manner with an ECs of 5.2 nM. Again,
this effect was specific because TSG12 relaxed control but not TG2-
deficient human ASMCs generated by RNA interference (Fig. 5C).
TSG12 significantly reduced the acetylcholine-induced contraction
of human ASMCs by more than 80% as shown by OMTC (P < 0.05;
Fig. 5D). TSG12 also decreased the traction force of human ASMCs
(Fig. 5, E and F), whereas cell-projected areas were not different among
groups (fig. S4C). Together, these results show the potential of TSG12
to control pulmonary resistance in different models of asthma in vivo
and to relax human ASMCs.

Yin et al., Sci. Transl. Med. 10, eaam8604 (2018) 7 February 2018

We next analyzed whether TSG12 induces TG2 receptor desensi-
tization. One limitation of B-agonists is that they cause adrenoceptor
desensitization, leaving the patients unresponsive with uncontrolled
symptoms. We previously observed that B,-agonists, such as salbu-
tamol, induced a quick but temporal relaxation of human ASMCs.
Then, the cells became insensitive to a second treatment for over a
day, without an alternative therapeutic treatment to relax ASMCs
(34). However, B,-adrenoceptor desensitization did not affect TSG12
potential to relax ASMCs. Human ASMCs treated with salbutamol
lose initial response to a second treatment with B,-agonist. However,
these cells are still responsive to 10 nM TSG12 (Fig. 5G). TSG12
inhibited the acetylcholine-induced contraction of human ASMCs re-
gardless of the B,-adrenoceptor desensitization (Fig. 5G). Treatment
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Fig.5.TG2 agonist TSG12 relaxes ASMCs and ameliorates pulmonary resistance. (A) Pulmonary resistance (R) in OVA-challenged
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tance (R) at baseline [control without house dust mite (HDM)] and HDM-challenged mice treated with vehicle (HDM), ISO (10 ug/kg), or
TSG12 (100 ng/kg) or inactive CC (100 ng/kg). (*P < 0.05 versus HDM and *P < 0.05 versus baseline, n =8 per group). Mch, methacholine.
(C) Western blot analyses of TG2 (TG2) and B-actin in human ASMCs treated with control or specific SiRNA inhibiting TG2 expression.
Lower panel: Real-time cell analysis of control and TG2-deficient human ASMCs challenged with acetylcholine without treatment
(ACh) or treated with TB (10,000 nM) or TSG12 (50 nM). (*P < 0.05 versus ACh and *P < 0.05 versus TB, n = 4 per group). (D) Optical
magnetic twisting cytometry of human ASMCs challenged with acetylcholine without treatment (ACh) or with ISO (100 uM), TSG12
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are converted to log scale before the statistical analyses. (*P < 0.05 versus control, n = 23 per group). (G) Real-time cell analysis of

human ASMCs challenged with acetylcholine without treatment (ACh) or treated with salbutamol (SAL; 10 uM) or with a second treatment of either salbutamol (SAL/SAL; 10 uM)
orTSG12 (SAL/TSG12; 10 nM) within 24 hours. (*P < 0.05 versus ACh and *P < 0.05 versus human ASMCs with B,-adrenoceptor desensitization, n = 4per group). (H) Real-time
cell analysis of human ASMCs challenged with acetylcholine without treatment (ACh) or treated with TSG12 (10 nM) or with a second treatment (TSG12/TSG12; 10 nM) within
24 hours (*P < 0.05 versus ACh, n = 4 per group). All data are expressed as means + SEM. Statistical analyses were performed by one-way ANOVA with the Games-Howell/LSD

post hoc test.

with TSG12 relaxed human ASMCs without inducing receptor de-
sensitization, and a second TSG12 treatment within 24 hours still
relaxed human ASMCs with similar efficacy (Fig. 5H). These results
indicate that TSG12 relaxed human ASMCs specifically via TG2 with-
out inducing receptor desensitization and losing its efficacy.

DISCUSSION

Our study shows that inhibition of MT-2 protein expression contrib-
utes to pulmonary resistance in asthma. Although metallothioneins
protect against pulmonary oxidative stress during endotoxemia (23),
they have not been studied in asthma. Here, we show the inhibition of
MT-2 protein expression in asthmatic lung tissue and that MT-2
inhibition increases pulmonary resistance in asthma. Conversely,
treatment with recombinant MT-2 reduces the isometric tension of
isolated tracheal spirals. This effect is not challenge-specific, because
MT-2 reduces ASMCs contraction induced by either acetylcholine or
collagen. In vivo, treatment with recombinant MT-2 was more effective

Yin et al., Sci. Transl. Med. 10, eaam8604 (2018) 7 February 2018

than conventional treatment with B,-agonists or corticosteroid in re-
ducing pulmonary resistance in asthmatic rats. Together, these results
support MT-2 as a physiological regulator of ASMCs modulating pul-
monary resistance.

All our experiments show that MT-2 binds to and relaxes ASMCs
specifically via TG2. TG2 is an abundant protein in smooth muscle
cells and a member of the calponin protein family (35). Several studies
have indicated the role of TG2 as a membrane protein that increased
actin stability at the immunological synapse (36, 37). The transgelin-
homolog Scp1 protein is a component of yeast cortical actin patches
(36), and TG2 is present in the membrane of radial lamellipodium
T cells, accumulates in the filopodia of B cell immunological synapses
(37, 38), and localizes at the membrane ruffles of lipopolysaccharide-
stimulated macrophages (39). TG2 can also regulate the cytoskeleton
of endothelial cells, and lovastatin induces TG2 expression to inhib-
it human umbilical vein endothelial cell migration and tube forma-
tion (40). These results for TG2 are reminiscent of previous studies
of enolase-1. Enolase-1 was first described as an intracellular key
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glycolytic enzyme and was later proved to serve as a plasminogen
membrane receptor on the surface of hematopoietic, epithelial, and
endothelial cells (41). Likewise, TG2 was originally described as a crit-
ical regulator of the actin cytoskeleton. Now, our study concurs with
growing evidence, indicating that TG2 is a membrane component
that regulates the cytoskeleton in response to extracellular signals,
such as MT-2.

In addition to the binding studies, we also analyzed that TG2 spe-
cifically mediates MT-2-induced ASMCs relaxation both in vitro and
in vivo. In vitro, MT-2 relaxes control but not TG2-deficient ASMCs.
Then, we generated TG2-KO mice and observed that TG2 gene dele-
tion increased pulmonary resistance in asthma. The intracellular
mechanism of TG2 to relax ASMCs was analyzed by protein array
analyses of more than 30 pathways. The most significant effects of
TG2 activation with MT-2 were the phosphorylation of ezrin and the
dephosphorylation of MYPT1. MT-2 binding to TG2 induces the
phosphorylation of ezrin, which is a structural protein that stabilizes
transmembrane receptor complexes with the cytoskeleton (42). Ezrin
was the only protein that coimmunoprecipitated with TG2, and it
was also the protein in the cytoskeletal pathway that showed the most
significant induction of phosphorylation. Ezrin is a principal mem-
ber of the ERM (ezrin-radixin-moesin) family encompassed by actin-
binding proteins with an N terminus similar to that of the erythrocyte
cytoskeletal protein band 4.1 (43). Ezrin is a critical structural protein
that orchestrates receptor complexes, their signaling pathways, and
interaction with the cytoskeleton (26, 42). TG2 is a relatively small
protein that requires structural intracellular proteins for its signal
transduction. Thus, ezrin may play a critical role in regulating TG2
localization, its signaling pathways, and interactions with the cyto-
skeleton. This interaction is similar to the binding of CD44 to ezrin
and other ERM proteins during the cytoskeletal reorganization in
cell-cell adhesion and migration (44). TG2 coimmunoprecipitates
with ezrin, and the Biacore surface plasmon resonance study confirmed
that ezrin and TG2 had a strong interaction with a Kp of 73.3 nM.
These results indicate that ezrin associates with TG2 to stabilize the
membrane receptor complex. On the other hand, TG2 dephospho-
rylates MYPT1 Thr®>* and thereby relaxes ASMCs. Unphosphorylated
Thr*>* MYPT1 is a critical regulator that joins M20 and protein phos-
phatase 1C8 to form the active MLCP complex, which dephosphoryl-
ates MLC and relaxes ASMCs (45, 46). These results show that MT-2
relaxes ASMCs via TG2 and induces MYPT1 dephosphorylation. Our
results support TG2 as a link between extracellular signals (MT-2) and
both actin and myosin cytoskeletons in ASMCs via ezrinand MYPT1,
respectively.

Although all our experiments in vitro and in vivo show that MT-2
binds to and relaxes ASMCs specifically via TG2, our pull-down ex-
periments also reveal the potential binding of MT-2 to enolase-1 in
vitro. Although we did not find any evidence of this interaction in
vivo, our results do not rule out the possibility that MT-2 binding to
enolase-1 may have biological implications. Enolase-1 is a key glyco-
lytic enzyme that can also serve as a plasminogen receptor on the
surface of hematopoietic, epithelial, and endothelial cells (41), but it
has not been reported in muscle cells. Thus, enolase-1 might repre-
sent an alternative MT-2 receptor in other cell types (47) or a secreted
enzyme that binds to extracellular MT-2 (48). Our results suggest
that MT-2 can be more effective injected intravenously for reducing
pulmonary resistance in vivo than when using ex vivo on tracheal
spirals. The mechanisms of airway constriction in vivo are not linear
with those of ASMCs contraction in vitro, and many factors affect

Yin et al., Sci. Transl. Med. 10, eaam8604 (2018) 7 February 2018

intravenous treatment of pulmonary resistance in vivo compared to
the ex vivo treatment of tracheal spirals. To avoid potential side ef-
fects, we focused our efforts on identifying specific agonists for TG2
and analyzing their potential for treating asthma.

The role of TG2 mediating MT-2-induced relaxation of asthmatic
pulmonary resistance suggests that this receptor can be a promising
therapeutic target for asthma. We identified TSG12 as a specific TG2
agonist with potential therapeutic advantages in asthma, and the spec-
ificity of TSG12 for TG2 was confirmed both in vitro and in vivo.

The intracellular mechanism studies indicated that TSG12 in-
duced MYPT1 dephosphorylation in rat tracheal spirals similar to that
described above for MT-2. TSG12 induced the dephosphorylation of
both MYPT1 and MLC in ASMCs, which is likely what led to ASMCs
relaxation. Then, we analyzed the effects of TSG12 on the upstream
pathway. TSG12 induced ROCK dephosphorylation at Tyr’** and RhoA
phosphorylation at Ser'®, Given that the phosphorylation of Ser'®®
inhibits RhoA and prevents ROCK phosphorylation, our results show
that TSG12 regulates the RhoA-ROCK-MYPT1-MLC pathway by in-
hibiting RhoA and thereby inducing MLC dephosphorylation and
relaxing ASMC:s (fig. S5).

A significant result of our study is the efficacy of TSG12 compared
with conventional FDA-approved treatments, such as ,-agonists.
TSG12 inhibited pulmonary resistance in both experimental models,
and it was more effective than standard B,-agonists terbutaline or iso-
proterenol for inhibiting pulmonary resistance in OVA or HDM
asthmatic mice, respectively. In human ASMCs, TSG12 reduces the
acetylcholine-induced contraction in a dose-dependent manner. Fur-
thermore, TSG12 provides therapeutic advantages in asthma com-
pared to B,-agonists. One critical limitation of B,-agonists is that they
induce B,-adrenoceptor desensitization, leaving patients unrespon-
sive with persistent uncontrolled symptoms. One single treatment
with B,-agonist leaves human ASMCs unresponsive to a second treat-
ment for over a day. By contrast, TSG12 is still effective, and a 1000-fold
lower concentration of TSG12 relaxes human ASMCs regardless of the
B,-adrenoceptor desensitization. Furthermore, our results indicate that
TG2 is a receptor that is more resistant to desensitization, and unlike
B,-agonists, TSG12 treatment does not limit the efficacy of a secondary
treatment.

However, limitations of the study should also be considered. First,
given that ezrin is phosphorylated by several kinases, including RhoA
and Srg, the specific molecular mechanism inducing ezrin phospho-
rylation by TG2 is still uncertain. Second, whether MT-2 binding to
enolase-1 may induce other effects increasing its efficacy on pulmo-
nary resistance remains speculative and will need to be determined.

In summary, our study shows that MT-2 reduces asthmatic pul-
monary resistance via TG2 by inducing dephosphorylation of MYPT1.
TSG12, a nontoxic, specific TG2 agonist, relaxes human ASMCs and
inhibits pulmonary resistance in asthma. TSG12 is more effective than
B.-agonists for relaxing human ASMCs with potential clinical advan-
tages. These results suggest that TG2 agonists could be a promising
therapeutic approach for treating asthma.

MATERIALS AND METHODS

Study design

The purpose of this study is to elucidate the mechanism controlling
ASMC:s contraction and to identify specific therapeutic agents that
can provide pharmacological benefits to ameliorate asthmatic pul-
monary resistance. Our study tests whether the down-regulation of
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MT-2 protein expression contributes to the pathogenesis of asthma.
The role of MT-2 in asthma was analyzed with MT-KO mice. Our
study also includes cellular models of human and rat ASMCs and ex
vivo studies of isolated tracheal spirals. To identify potential receptors
for MT-2 on ASMCs, pull-down assays, mass spectrometry analyses,
ligand-binding assays, and confocal microscopy were applied. The
role of the receptor TG2 was then analyzed using TG2-KO mice,
inhibiting the expression in vitro (siRNA) and protein antibody array.
We present structural analyses including the expression and purifi-
cation of specific protein domains, Biacore surface plasmon reso-
nance analyses, and molecular docking to identify specific agonists
for TG2 able to ameliorate pulmonary resistance in asthma (in-
duced by OVA or HDM). The specificity of the agonist was tested
in wild-type and TG2 knockdown human and rat ASMCs, TG2-
KO mice. We also analyzed TSG12 efficacy with OMTC, TFM, and
antidesensitization capability compared with conventional approved
B,-agonists. Primary data are located in table S5.

Statistical analysis

All data are shown as means + SEM. The number of animals per group
in each experiment was determined on the basis of previous statistical
analyses by our group. The statistical significance of two data sets was
assessed by the two-tailed Student’s ¢ test. Statistical significance among
three or more data sets was calculated using one-way analysis of var-
iance (ANOVA) followed by a least significant difference or Games-
Howell post hoc test (depending on the data and the hypothesis tested).
Correlations were evaluated by Pearson’s correlation coefficient (r).
P values lower than 0.05 were considered significant.

SUPPLEMENTARY MATERIALS
www.sciencetranslationalmedicine.org/cgi/content/full/10/427/eaam8604/DC1

Materials and Methods

Fig. S1. The time-response curves of pulmonary resistance for different doses of MT-2.

Fig. S2. The identification of TG2 as a binding protein and the interaction between TG2 and
domains of MT-2.

Fig. S3. PCR confirmation of TG2-KO mice.

Fig. S4. Chemical structure of inactive CC, cell viability assay of TSG12, and cell projected areas
among groups by TFM.

Fig. S5. Proposed mechanism of ASMCs relaxation induced by TG2.

Table S1. Compounds selected for bioassay from molecular docking.

Table S2. Percentages of cells and levels of inflammatory cytokines (picograms per milliliter) in
BALF after TSG12 treatment.

Table S3. Correlation coefficient of pulmonary resistance of TSG12 treatment and cell
percentages or inflammatory cytokines.

Table S4. The metabolism of TSG12 in liver microsomes of human, mouse, and rat.

Table S5. Primary data.
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Tickling transgelin-2 for asthma relief

Asthmatics can be refractive to By-agonists, creating a need for new pathways to be targeted in this
disease. Yin et al. discovered that the protein metallothionein-2 was able to reduce airway resistance in rodent
asthma models. This improvement was mediated through transgelin-2, and they further studied a transgelin-2
agonist as a new asthma therapeutic. The agonist improved airway function in multiple preclinical asthma models
and relaxed human airway smooth muscle cells. These data indicate that activating transgelin-2 for asthma
treatment may be more effective than targeting B>-adrenoceptors.
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