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Abstract

BACKGROUND & AIMS: The a subunit of the heterotrimeric G stimulatory protein (Gsa),
encoded by the guanine nucleotide binding protein, a-stimulating gene (Gnas, in mice), is
expressed ubiquitously and mediates receptor-stimulated production of cyclic adenosine
monophosphate and activation of the protein kinase A signaling pathway. We investigated the roles
of Gsa in vivo in smooth muscle cells of mice.

METHODS: We performed studies of mice with Cre recombinase-mediated disruption of Gnasin
smooth muscle cells (Gsa.SMKO and SM22-CreERT2, induced in adult mice by tamoxifen).
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Intestinal tissues were collected for histologic, biochemical, molecular, cell biology, and
physiology analyses. Intestinal function was assessed in mice using the whole-gut transit time test.
We compared gene expression patterns of intestinal smooth muscle from mice with vs without
disruption of Gnas. Biopsy specimens from ileum of patients with chronic intestinal pseudo-
obstruction and age-matched control biopsies were analyzed by immunohistochemistry.

RESULTS: Disruption of Gnasin smooth muscle of mice reduced intestinal motility and led to
death within 4 weeks. Tamoxifen-induced disruption of Gnas in adult mice impaired contraction of
intestinal smooth muscle and peristalsis. More than 80% of these died within 3 months of
tamoxifen exposure, with features of intestinal pseudo-obstruction characterized by chronic
intestinal dilation and dysmotility. Gsa deficiency reduced intestinal levels of cyclic adenosine
monophosphate and transcriptional activity of the cyclic adenosine monophosphate response
element binding protein 1 (CREBLY); this resulted in decreased expression of the forkhead box F1
gene (FoxfI) and protein, and contractile proteins, such as myosin heavy chain 11; actin, a2,
smooth muscle, aorta; calponin 1; and myosin light chain kinase. We found decreased levels of
Gsa, FOXF1, CREB1, and phosphorylated CREB1 proteins in intestinal muscle layers of patients
with chronic intestinal pseudo-obstruction, compared with tissues from controls.

CONCLUSIONS: Gsa is required for intestinal smooth muscle contraction in mice, and its levels
are reduced in ileum biopsies of patients with chronic intestinal pseudo-obstruction. Mice with
disruption of Gnas might be used to study human chronic intestinal pseudo-obstruction.
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Smooth muscle cells (SMCs) are the primary contractile components of digestive,
cardiovascular, respiratory, and genitourinary systems. Contractile dysfunction of SMCs is
associated with various diseases, including chronic intestinal pseudo-obstruction (CIP),
atherosclerosis, hypertension, and asthma. The main feature of these diseases is decreased
expression of proteins required for normal SMC contractile function.! Therefore, we need to
understand the mechanisms that control the expression of contractile and regulatory proteins
in SMCs, to determine how these processes are altered in pathologic conditions.

Many studies have identified that transcription factors, such as serum response factor (SRF)
and the Foxo family of forkhead (Fox) proteins control the expression of contractile proteins
in SMCs.2 Knockout of SRF in intestinal SMCs of adult mice attenuated the expression of
smooth muscle—specific genes and resulted in a phenotype of CIP.34 Foxf1 binds to SRF
and Myocd to regulate the expression of contractile proteins, and Foxfl deletion in SMCs
results in reduced contractile protein expression and impaired colonic contractility.®

The heterotrimeric G-protein a subunit (Gsa.) is encoded by guanine nucleotide binding
protein, a-stimulating (GNAS) (Gnas in mice), which is ubiquitously expressed in many cell
types and responsible for receptor-stimulated cyclic adenosine monophosphate (CAMP)
generation and activation of the protein kinase A pathway.® Protein kinase A can
phosphorylate various downstream targets that are involved in a number of pathways. For
example, protein kinase A phosphorylates cAMP response element binding protein 1
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(CREB1) at Ser 133, to induce the expression of CREB1 target genes.” Accumulating
evidence has demonstrated that aberrant expression of Gsa. leads to various dysfunctions in
cell growth, proliferation, apoptosis, differentiation, and metabolism.8 Adipose tissue-
specific disruption of Gsa results in a severely lean phenotype and early mortality.®
Chondrocyte-specific ablation of Gsa leads to growth-plate defects and hypertrophic
differentiation of growth-plate cartilage.1? Recent studies have shown mutations in GNAS
related to many human diseases: heterozygous mutation for loss of function in GNAS leads
to Albright hereditary osteodystrophy,1! whereas mutation activating GNAS results in
McCune-Albright syndrome.12 However, the roles of Gsa. in SMCs have not been
investigated.

In the present study, we examined the potential function of Gsa in SMCs by using mice with
Acta2-Cre— or SM22-CreERT2—mediated Gsa. knockout (KO). Acta2-Cre—mediated Gsa
KO (Gsa.SMKO) in smooth muscle reduced intestinal motility and led to early death, before 4
weeks. SM22-CreER "?—mediated Gsa. KO induced by tamoxifen in adult mice (adult
Gsa.SMKO) impaired the contraction of intestinal smooth muscle and resulted in a phenotype
similar to CIP. CIP is characterized by chronic intestinal dilation and dysmotility in the
absence of mechanical obstruction.13 These results demonstrate that Gsa plays a critical
function in intestinal motility in mice.

Materials and Methods

Generation of Smooth Muscle-Specific Gsa Knockout Mice

To ablate Gsa specifically in smooth muscle (GsaSMKO) Gsaf/fl micel4 were crossed with
Acta2-Cre mice that express Cre recombinase under the control of the Acta2 promoter.1® To
generate adult smooth muscle-specific Gsa. KO mice (adult GsaSMKO), Gsaf/fl mice were
crossed with SM22-CreERT2 mice expressing a tamoxifen-inducible Cre recombinase under
control of the SM22 promoter.18 Tamoxifen (1 mg/d) was injected intraperitoneally for 5
consecutive days. All experiments were conducted in accordance with the guidelines of the
Animal Care and Use Committee of Shandong University.

Analysis of Smooth Muscle Contractility

Force measurements were performed as described.” The mice were killed by cervical
dislocation. Segments (6 mm long) of the jejunum and ileum were mounted in a 37°C organ
bath and tied with surgical silk to the hooks of a force transducer (MLT0202; AD
Instruments, Sydney, Australia) and lengthadjusting micrometer. After equilibrating in H-T
buffer (137.0 mmol/L NaCl, 2.7 mmol/L KCI, 1.0 mmol/L MgCly, 1.8 mmol/L CaCl,, 10
mmol/L HEPES, and 5.6 mmol/L glucose, pH 7.4) for 15 minutes, the contractile effect of
KCI (87 mM), acetylcholine (Ach) (1 mM) and electrical field stimulation (EFS) (20 Hz, 30
V, pulse train, 20 seconds) was investigated.

Whole-Gut Transit Time Test

To determine intestinal function, a whole-gut transit time test was performed with minor
modification.18 We injected 100 L charcoal test meal (5% [w/v] charcoal in 0.9% NaCl) by
orogastric gavage and monitored feces for the first appearance of black dye.
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Human Cases

Full-thickness biopsy specimens were obtained from 5 female patients with a mean age of
51.2 + 8.3 years who met the criteria for CIP. Age-matched female control specimens were
obtained from patients (mean age, 50.3 + 9.2 years) with diseases unrelated to
gastrointestinal motility disorders. The use of human tissues was approved by the Medical
Institutional Ethics Committee of Qilu Hospital, Shandong University, China.

Statistical Analysis

Results

Data are expressed as mean + SEM and were analyzed by using GraphPad Prism 3
(GraphPad Software Inc., San Diego, CA). Statistical comparisons between 2 groups
involved Student ¢test and otherwise by 2-way analysis of variance and Bonferroni post-
tests. P< .05 was considered statistically significant.

Gsa Deficiency in Smooth Muscle Results in Postnatal Lethality

Contraction

To elucidate the biological significance of Gsa expression in smooth muscle in vivo,
Gsalo¥/flox mice were crossbred with Acta2-Cre mice to generate GsaX*/Acta2-Cre
mice, which were further intercrossed to obtain Gsa™*f0X/Acta2-Cre mice (GsaSMKO
mice) (Figure 1A). The littermate Gsa™¥/f1oX|Cre~ mice were used as controls.
Immunohistochemistry showed nuclear localization of Cre in the smooth muscle layer of
jejunum and ileum from Acta2-Cre mice (Figure 1B), suggesting Acta2-Cre—mediated
recombination happening in the smooth muscle of jejunum and ileum. Western blots
confirmed significantly reduced Gsa expression in the muscle of the jejunum, ileum, and
aorta of GsaSMKO mice (Figure 1C). Immunohistochemistry further demonstrated Gsa
deletion in the smooth muscle cells of aorta, jejunum, and ileum from the GsaSMKO mice
(Supplementary Figure 1A-C). However, Gsa levels were not changed in the non-smooth
muscle tissues, such as brain, skeletal muscle, and skin from control and GsaSMKO mice
(Figure 1D).

GsaSMKO pups were born at the expected Mendelian ratio. At birth, the size and weight of
GsaSMKO mice were comparable with those of their control littermates, but postnatal growth
was retarded. From day 10 after birth, all GsaSMKO mice showed significantly reduced body
weight relative to their controls (Figure 1E). At day 21, male GsaSMKO mice weighed
34.1% less than their controls (7.16 £ 1.04 g vs 10.86 + 0.92 g, n = 6; A< .01). Importantly,
Gsa.SMKO mice began to die at day 14 after birth. None of the GsaSMKO mice survived
beyond postnatal day 28, whereas all control pups survived (Figure 1F). These data suggest
that smooth muscle Gsa is essential for growth, and deficiency of Gsa can lead to serious
growth retardation and early mortality. However, the detailed reason for the death of
GsaSMKO mice is not clear.

Was Impaired in GsaSMKO smooth Muscles

To evaluate the effects of Gsa deletion on intestinal motility, we measured rhythmic
contractions of the jejunum and ileum from control and Gsa.SMKO mice at 3 weeks of age.
Peristaltic contractile tension of jejunum and ileum from GsaSMKO mice was significantly
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decreased compared with controls (Figure 2A). At necropsy, the whole digestive tract from
3-week-old GsaSMKO mice appeared normal, including the small intestine. Histologic
examination showed comparable thickness of the Gsa-deficient and control ileal or jejunal
muscle layers (Figure 2B).

To determine the contractile properties of Gsa-deficient smooth muscle, we measured the
tension in isolated strips in response to KCI or the muscarinic agonist, ACh. Jejunal strips
from GsaSMKO mice at 3 weeks of age showed only 38.2% of the tension of control tissue
in response to KCI (Figure 2C). Similar results were obtained with ileal tissues (Figure 2D).
In addition, intestinal smooth muscles for both jejunum and ileum from GsaSMKO mice
showed only 35.7% to 43.0% of the tension of control tissue in response to ACh (Figure 2C
and D). We also investigated the responses to EFS used to release ACh from
parasympathetic nerves intrinsic in isolated tissues. The contraction forces obtained with
EFS in jejunal or ileal smooth muscle were significantly reduced after Gsa. knockout (Figure
2E). More importantly, intestinal contraction was impaired in both jejunum and ileum from
GsaSMKO mijce at 13 days of age (Supplementary Figure 2A and B). Therefore, Gsa plays a
important role in normal intestinal smooth muscle contractions.

Smooth Muscle-Specific Gsa Deletion in Adult Mice Confers Severe Intestinal Obstruction

To explore the roles of smooth muscle Gsa in adult mice in vivo, Gsa’o¥loX mice were
cross-bred with SM22-CreERT2 mice expressing a tamoxifen-activated Cre recombinase to
ablate Gsa. expression in adult smooth muscle (adult Gsa.SMKO; Figure 3A). We used
GsaloX/flox] Cre~ mice with tamoxifen injection as controls. Immunohistochemistry
demonstrated Gsa. deletion in the smooth muscle cells of jejunum and ileum from the adult
Gsa.SMKO mijce (Supplementary Figure 1D and E).

Control and adult Gsa.SMKO mice were monitored at various times after tamoxifen injection
to determine the pathologic phenotype. From 28 days after the first tamoxifen injection, the
body weight was lower for adult Gsa.SMKO than control mice (Figure 3B). From 3 weeks
after tamoxifen injection, adult GsaSMKO mice showed reduced physical body motility (data
not shown). The lower abdomen started to bloat and increase in volume, and adult GsaSMKO
mice began to die (Figure 3C). During this period, intake of food and excretion of feces were
markedly reduced (Figure 3D). We found >80% lethality within 3 months after the first
application of tamoxifen (Figure 3C). In contrast, tamoxifen-treated Gsa1¥/f10X| Cre=
control mice appeared normal, with no deaths. In all adult GsaSMKO mice, gross necropsy
showed severe intestinal situs with extremely dilated and food-filled ileum (Figure 3E).
Motility of the intestine was determined by functional assays. Charcoal, a black dye, was
injected into the stomach and stool was monitored. Despite a comparable length of the
intestinal tract, adult Gsa.SMKO mice showed about 3-fold longer whole-gut transit time than
control mice (Figure 3F). Adult GsaSMKO mice might develop a severe motility disorder
similar to some symptoms of human patients with CIP, leading to cachexia and death.

Gsa Deficiency in Adult Smooth Muscle Impairs Contractile Activity

Histologic analyses showed marked changes in the intestinal tract of adult GsaSMKO mice
(Figure 4A and B). At 3 weeks after tamoxifen injection, the small intestine was dilated,
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with the mean diameter significantly increased (1.6- £ 0.3-fold) for the ileum compared with
controls (3566 + 1011 pm vs 2254 + 562 um; P < .05). The mean diameter of the jejunum
did not change significantly (1.1- £ 0.2-fold; 2890 + 539 xm vs 2540 + 149 ym; P = .156).
However, the cross-sectional thickness of the ileal muscle layer was increased (2.4- = 0.5-
fold for the longitudinal muscle layer and 2.1- + 0.4-fold for the circular muscle layer; P
<.05), whereas the thickness of jejunal muscle was not altered (1.2- + 0.2-fold for
longitudinal muscle and 1.3- + 0.3-fold for circular muscle; 2> .05). Inspection of intestinal
cross sections showed noticeably enlarged muscle cells. The number of nuclei in an arc of
the ileal wall equal to one-tenth the circumference did not differ between adult GsaSMKO
and control mice (longitudinal muscle: 120 + 20 vs 116 * 15; A= .69; circular muscle: 114 +
9vs 109 £ 8; P=.77). The thicker muscle layers were due largely to SMC hypertrophy.

Gsa knockout in intestinal smooth muscle did not affect the levels of S-adrenergic receptors
(ADRB1 and ADRB?2) (Supplementary Figure 3A and B). Contractile functions of the
intestinal tunica muscularis were tested by tension recordings of smooth muscle tissues
(jejunum and ileum). The tension responses to KCI in adult Gsa SMKO muscle was only
about 25% of that observed in control muscle (jejunum, 34.3% and ileum, 15.4%). Similar
results were obtained with ACh (Figure 4C and D) and EFS (Figure 4E). These data clearly
indicate that Gsa regulates depolarization- and agonist-mediated intestinal smooth muscle
contractions.

Gsa Deletion Reduced the Expression of Contractile Proteins and cAMP/CREBL1 Signaling

We performed a genome-wide microarray assay of control and Gsa-deficient intestinal
smooth muscle to profile differentially expressed genes that might be involved in Gsa.
regulation. As shown in Figure 5A and Supplementary Table 1, we found 1165 genes with
>2.0-fold up-regulation and 904 genes with >2-fold down-regulation in 3 independent
experiments. To understand some important biological processes affected by Gsa in SMCs,
a gene ontology analysis was performed and revealed Gsa roles in the regulation of
transcription, phosphorylation, cell proliferation, cell cycle, cell differentiation, cell
adhesion, cell migration, and immune response (Figure 5B). Pathway analysis with the
Kyoto Encyclopedia of Genes and Genomes database further classified the functional
annotations of genes and revealed up-regulated and down-regulated genes significantly
enriched in top 10 pathways (Figure 5C). To verify the microarray analysis data, we
examined differentially expressed genes that are involved in smooth muscle contraction from
control and adult GsaSMKO mice at 3 weeks after tamoxifen injection. The messenger RNA
(mRNA) levels of contractile proteins, including myosin heavy chain 11 (MYH11); actin,
a2, smooth muscle, aorta (ACTAZ2); calponin 1 (CNN1); and myosin light chain kinase,
were significantly reduced in the Gsa-deficient jejunum (Figure 5D), which were further
confirmed by Western blot analysis (Supplementary Figure 3A and B). In analyzing
transcription factors that control the expression of contractile proteins in SMCs, serum
response factor (SRF) mRNA levels were not changed in the Gsa-deficient jejunum.
However, Myocd mRNA levels were slightly decreased and Foxfl mRNA levels were
significantly reduced with Gsa deletion (Figure 5D), which was further confirmed by
Western blot analysis (Figure 5F).

Gastroenterology. Author manuscript; available in PMC 2020 August 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Qinetal. Page 7

Because Gsa is responsible for receptor-stimulated cCAMP generation and subsequent
CREBL1 activation, we measured cAMP levels and CREB1 activity with Gsa KO. As
expected, Gsa. KO reduced cAMP levels in basal or response to isoproterenol (Figure 5E).
Both phospho-CREBL1 at Ser 133 and total CREBL1 levels were significantly reduced with
Gsa KO (Figure 5F), isoproterenol-induced CREB1 phosphorylation was also decreased in
Gsa-deficient smooth muscle (Figure 5E). Our data suggest that Gsa. KO results in reduced
cAMP/CREBL signaling and expression of contractile proteins, thereby impairing smooth
muscle contraction.

CREB1 Binds With Foxfl Promoter and Regulates its Expression

We next dissected how Gsa/CREBL regulates Foxfl expression. We analyzed the promoter
of Foxf1 by using the Transcription Factor Database (http://jaspar.genereg.net), an Internet-
based transcription-factor binding-site program. One CRE site was found in the Foxfl
promoter (Figure 6A), so CREB1 may bind to the Foxfl promoter and regulate its
expression. The cAMP activator forskolin, used to induce CREBL1 activity, could increase
Foxfl expression in intestinal SMCs (Figure 6B).

To confirm that CREB1 can bind to the Foxfl promoter, we used chromatin
immunoprecipitation assay. Forskolin induced the binding of CREBL1 to the CRE site in the
Foxfl promoter (Figure 6C). To further analyze the role of the CREBL1 binding site on Foxfl
promoter activity, we mutated the core CREB1 binding site in CRE and then inserted it into
a luciferase plasmid. Forskolin significantly increased luciferase activity from the WT but
not CRE-mutant Foxfl promoter (Figure 6D). Therefore, CREB1 binds with the Foxfl
promoter and regulates its expression.

Levels of Gsa, Foxfl, and p-CREB1/CREB1 Were Reduced in the Intestinal Muscle Layer of
Patients With Chronic Intestinal Pseudo-Obstruction

A genome-wide microarray assay of intestinal smooth muscle from patients with CIP and
age-matched control was conducted to profile differentially expressed genes. As shown in
Supplementary Figure 4A and Supplementary Table 2, we found 125 genes with >2.0-fold
up-regulation and 111 genes with >2-fold down-regulation in CIP group compared with
control group. Pathway analysis with the Kyoto Encyclopedia of Genes and Genomes
database classified the functional annotations of genes and revealed up-regulated and down-
regulated genes significantly enriched in top 9 pathways (Supplementary Figure 4B). There
are 2069 differentially expressed genes from Gsa knockout group. The human CIP group
and Gsa knockout group shared 48 common differentially expressed genes (Supplementary
Figure 4C), of which 21 genes were up-regulated and 27 genes including Gsa., CREB1,
Foxfl, and contractile proteins were down-regulated (Supplementary Figure 4D and E). The
phenotype of the adult GsaSMKO mice shares some aspects of CIP pathology in humans.

To further confirm the expression of Gsa/CREB1/Foxf1 signaling in intestines of patients
with CIP, immunohistologic staining was performed. Compared with control intestinal
muscle layers, layers of patients with CIP showed significantly reduced levels of Gsa,
Foxfl, and p-CREB1/CREB1 (Figure 7A and B), which indicates the important role of Gsa/
CREB1/Foxf1 signaling in the development of human chronic intestinal pseudo-obstruction.

Gastroenterology. Author manuscript; available in PMC 2020 August 17.


http://jaspar.genereg.net/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Qinetal.

Page 8

Discussion

To determine the role of Gsa in SMCs in vivo, we generated 2 kinds of smooth muscle-
specific Gsa-KO mice in different Cre recombinase mice. Acta2-Cre—-mediated Gsa KO
resulted in reduced intestinal contraction and early death before 4 weeks for unknown
reasons. Adult Gsa-KO mice were induced with time-controlled recombination by
tamoxifen. Gsa KO in adult SMCs led to dilation and impaired contraction of the intestine,
which resulted in defective peristalsis in vivo and most death within 3 months; both toxicity
and malnutrition were assumed to be the probable cause of death. In the molecular
mechanism, Gsa regulates the expression of contractile proteins through cAMP/CREB1-
mediated Foxfl and plays an important role in normal intestinal smooth muscle contraction
(Figure 7C). Our study revealed the roles of smooth muscle Gsa at the animal level, which
will increase our understanding of Gsa. multifunctions.

The phenotype of Gsa-KO mice is caused by decreased Foxfl expression. Foxfl has been
identified as an important transcription factor for the SMC genes encoding the main
effectors of contraction.® Foxf1 binds to SRF and Myocd to regulate the expression of
smooth muscle contractile proteins. Smooth muscle—specific Foxfl deletion results in
neonatal lethality and impaired contractility.? Other transcription factors, such as SRF,
GATAG, and MEF?2 also play a role in regulating SMC gene expression.1® Smooth muscle—
specific SRF mice showed a similar phenotype as our adult GsaSMKO mice.34 Recent
studies also showed down-regulated SMC-specific markers in various motility disorders in
humans. For example, the jejunal circular smooth muscle layer showed no ACTA2
expression in idiopathic forms of CIP.20 MYH11 was down-regulated in colon biopsy
specimens of patients with idiopathic megacolon and slow-transit constipation.2! Similarly,
GsaSMKO mice showed intestinal motility dysfunction accompanied by down-regulation of
SMC-specific markers, such as ACTA2 and MYH11.

Gsa deletion in intestinal smooth muscle resulted in decreased contractile responses. Gsa.-
deficient muscle strips displayed much lower contractile force than control strips,
independent of the agonist applied. The main cause is presumably changes in the contractile
machinery of intestinal smooth muscle because key downstream regulators, such as myaosin
light chain kinase and effectors of contraction, such as ACTA2 and MYH11 are down-
regulated in Gsa-deficient SMCs. However, Gsa-dependent cAMP signaling contributes to
smooth muscle relaxation.22 The different conclusions are explained by different research
methods. The previous study used chemical regents to elevate cCAMP levels to explore its
function, which were transient and sometimes not specific. In our mouse KO model, long-
term deletion of Gsa caused changes in downstream regulators, including phospho-CREB1
(Ser 133) and total CREB1, which down-regulated smooth muscle contractile proteins and
reduced contractility.

Reduced contractility with Gsa deficiency has significant consequences for the intestinal
performance. The retarded passage of charcoal showed that whole-gut transit time was
approximately 3-fold increased as compared with controls. Furthermore, the dilated intestine
in adult GsaSMKO mice may result from chronic pseudo-obstruction associated with
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hypertrophy of the smooth muscle in the intestinal wall, which is likely an adaptive response
to increased workload of smooth muscle with the diminished contractility.

CIP may be congenital or acquired secondary to other disorders, such as postoperative ileus
and autoimmune or infectious diseases.* A proper diagnosis and treatment of this rare and
disabling disorder is difficult because the underlying pathology is poorly understood. CIP
can be classified as neuropathic or myopathic forms based on histopathology data and
patterns of motility disorder.23 Smooth muscle myopathies may be responsible for the
disease in approximately one-third of cases of congenital CIP.24 In this study, we describe a
mouse model of adult smooth muscle—specific Gsa. KO that displays clinical manifestations
similar to CIP. Moreover, we report on the reduced levels of Gsa and Foxf1 in the intestine
of CIP patients, so smooth muscle dysfunction resulting from Gsa deficiency might
contribute to the development of this disease in humans.

In conclusion, we have shown that Gsa deficiency greatly decreases the contractility of
intestinal smooth muscle. Gsa regulates the levels of smooth-muscle contractile proteins
through CREB1-mediated Foxf1 expression, so it is crucial for normal intestinal smooth
muscle contractility and functions. Mutations in the GNAS gene or altered Gsa levels may
play an important role in the development of smooth muscle myopathies, such as CIP.
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Figure 1.

Smooth-muscle deficiency in the Gsa results in postnatal lethality. (A) Schematic diagram
of transgenic mice used to generate GsaSMKO mice. (B) Immunohistochemistry of Cre and
ACTAZ in cross sections of jejunum and ileum from Acta2-Cre mice. Scale bar = 50 pm. (C)
Western blot analysis of Gsa protein level in the jejunum, ileum, and aorta from Gsa SMKO
mice. (D) Western blot analysis of Gsa. in the brain, skeletal muscle, and skin from control
and Gsa.SMKO mijce. (£) A typical growth curve for male mice from postnatal days 7-28 (n
=6). *P< .05 vs control. (F) Kaplan—Meier survival plot of control and GsaSMKO mice (n =

11). *P< .05 vs control.
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Figure 2.

Impaired contraction in GsaSMKO smooth muscles. (A) Representative spontaneous
contractions in jejunal segments from control and GsaSMKO mice and contraction
amplitudes (n = 5). *P< .05 vs control. (B) Transverse sections of jejunum and ileum from
control and GsaSMKO mice stained with H&E. Scale bar = 50 zm. (C, D) Representative
recordings of contraction in jejunum (C) and ileum (D) from control and GsaSMKO mice
with 87 mM KCl or 1 M ACh. Bars show duration of stimulation. Shows quantification of
contraction responses to KCI and ACh for jejunum and ileum (n = 5). *P< .05 vs control.
(E) Representative recordings of contraction in jejunum from control and GsaSMKO mice
with EFS. Shows quantification of contraction responses to EFS (n = 5). *P < .05 vs control.
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Smooth muscle-specific Gsa KO in adult mice confers severe intestinal obstruction. (A)
Schematic diagram of transgenic mice used to generate adult GsaSMKO mice induced by
tamoxifen injection. (B) A typical growth curve for male control and adult Gsa.SMKO mice
after tamoxifen injection (n = 8). *£< .05 vs control. (C) Kaplan-Meier survival plot of
control and adult Gsa.SMKO mice after tamoxifen injection (n = 17). *P< .05 vs control. (D)
Food intake and feces excretion after 4 weeks of tamoxifen injection (n = 5 each group). (£)
Gastrointestinal tract of control and adult GsaSMKO mice. Note the dilated ileum in the adult
GsaSMKO mouse. (£) Whole-gut transit time for control and adult GsaSMKO mice (n = 5).

*P < .05 vs control.
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Figure 4.

Gsa deletion in adult smooth muscle impairs contractility. (A, B) Transverse sections of
jejunum (A) and ileum (B) from control and adult GsaSMKO mice stained with H&E. The
structure of jejunum and ileum from adult GsaSMKO mice shows the hypertrophic smooth
muscle layer. Scale bars for (A, B): upper row = 200 m; lower row =50 um. (C, D)
Representative recordings of jejunum (C) and ileum (D) from control and adult Gsa SMKO
mice with 87 mM KCl or 1 4M ACh. Shows quantification of contraction responses to KCl
and ACh for jejunum and ileum (n = 5). *P < .05 vs control. (£) Representative recordings
of contraction in jejunum from control and adult GsaSMKO mice with EFS. Shows
quantification of contraction responses to EFS (n = 5). *£< .05 vs control.
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Figureb.

Gsa deletion reduced the expression of contractile proteins and cAMP/CREBL1 signaling.
(A) Microarray assay of genes with >2.0-fold up-regulation or >2.0-fold down-regulation in
Gsa-deficient intestinal smooth muscle compared with control. (B) Gene ontology
enrichment analysis of differentially expressed genes. The number of genes with a
significantly changed expression is shown in parentheses. (C) Top 10 enrichment pathways
based on the Kyoto Encyclopedia of Genes and Genomes database. (D) Quantitative reverse
transcription polymerase chain reaction of genes related to smooth muscle contraction for
validation of the microarray results (n = 5). *P< .05 vs control. (£) The jejunum tissue from
control and adult Gsa.SMKO mice was stimulated with 10 M isoproterenol (1SO) for 5
minutes followed by cAMP measurement and Western blot to detect the levels of p-CREB1
and total CREB1. n = 5; *P< .05 vs control. (F) Western blot analysis of protein levels of p-
CREB1, total CREB1, and Foxf1 in muscle tissue from control and adult Gsa.SMKO mice.
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Figure 6.
CREBL binds with Foxfl promoter and regulates its expression. (A) Predicted CRE site in

the mouse Foxfl promoter. (B) Mouse intestinal SMCs were treated with 10 xM forskolin
for 24 hours and Western blot was used to detect Foxfl expression. The levels of Foxfl were
quantified (n = 4). *P< .05 vs 0 hours. (C) Mouse intestinal SMCs were treated with 10 @M
forskolin for 12 hours, chromatin immunoprecipitation was then used to assay the CREB1
binding site in the Foxfl promoter. (D) Mouse intestinal SMCs were transfected with wild-
type or mutant Foxfl promoter luciferase constructs, then treated with forskolin for 24 hours
and luciferase activity was measured. Results of the luciferase promoter assay are presented
as fold change + SEM of firefly/ Renilla luciferase activity (n = 4). *P< .05 vs WT-luc +
Mock.

Gastroenterology. Author manuscript; available in PMC 2020 August 17.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Qinetal.

Page 18
A Foxf1 p-CREB1 CREB1
< : (@]
<]
2
s
]
T
B S0 3 Control E . 3 Control
£ m cP c = cp
o =3
2isl T S0 —L
= k-4
s =
= T 05
s 05 . H *
1 — %o .
w
3 3 Control = O Control
E 15 - CcP £ 15 = cP
8 8
= 104 o 10 —I-
e g
3 8 N
] . yo
g" 5
a
it JJ»‘J‘JNIPNNW‘“‘;\.‘M\HM IR YRR AR ERERS
W T, e
MU I U‘WU‘“”&@“;\M
Ly AC
ATP CAMP
|
@ Chronic intestinal pseudo-obstruction

|

Normal intestinal smooth
muscle contraction

Foxtt

Figure7.
Levels of Gsa, Foxfl, and p-CREB1/CREB1 were reduced in the intestinal muscle layer of

CIP patients. (A) Paraffin-embedded control and CIP specimens from patients were stained
with primary antibodies for Gsa, Foxf1, p-CREBL, and total CREB1, then secondary
antibody horseradish peroxidase—3,3’-diaminobenzidine (DAB) detection reagents (browr)).
Scale bar = 50 gm. (B) Quantification of Gsa, Foxfl, p-CREB1, and total CREB1 levels by
normalization to DAB intensity in control specimens (set to 1) (n = 5). *£< .05 vs control.
(C) Diagram for Gsa-regulated intestinal smooth-muscle function via CREB1/Foxfl. AC,
adenylyl cyclase.
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