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Arginase 1 and L-arginine coordinate fetal lung
development and the initiation of labor in mice
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Abstract

Fetal development and parturition are precisely regulated processes
that involve continuous crosstalk between the mother and the fetus.
Our previous discovery that wild-type mice carrying steroid receptor
coactivator (Src)-1 and Src-2 double-deficient fetuses exhibit
impaired lung development and delayed labor, which indicates that
the signals for parturition emanate from the fetus. In this study, we
perform RNA sequencing and targeted metabolomics analyses of the
lungs from fetal Src-1/-2 double-knockout mice and find that expres-
sion of arginase 1 (Argl) is significantly decreased, accompanied by
increased levels of the Argl substrate L-arginine. Knockdown of Argl
in the lungs of fetal mice induces apoptosis of epithelial cells and
dramatically delays initiation of labor. Moreover, treatment of
human myometrial smooth muscle cells with L-arginine significantly
inhibits spontaneous contractions by attenuating activation of
NF-kB and downregulating expression of contraction-associated
protein genes. Transcription factors GR and C/EBPp increase tran-
scription of Arg1 in an Src-1/Src-2-dependent manner. These findings
provide new evidence that fetus-derived factors may play dual roles
in coordinating fetal lung development and the initiation of labor.
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Introduction

Preterm birth (childbirth prior to 37 weeks of gestation), the leading
cause of mortality and morbidity in newborns and children under 5
years of age (Liu et al, 2016), accounts for approximately 33% of neo-
natal deaths (Song et al, 2016; da Fonseca et al, 2020). Babies that
survive the immediate consequences of their preterm birth manifest a

significant increase in the incidence of a number of adverse condi-
tions, including long-term neurodevelopmental disorders, impaired
lung alveolar development with bronchopulmonary dysplasia, and
compromised vision and hearing, which cause emotional and finan-
cial burdens to families and adversely impact the public healthcare
systems (Fuchs & Senat, 2016; Koullali et al, 2016; Glover & Manuck,
2018). Unfortunately, over the past several decades, the global inci-
dence of preterm birth has not improved (Liu et al, 2016).

In fact, both preterm and post-term delivery represent abnormalities
in the molecular mechanisms underlying the initiation of labor. To effec-
tively prevent these parturition disorders, it is necessary to define the
complex mechanisms that involve interactive communications between
the mother and fetus (Condon et al, 2004; Mendelson, 2009; Romero
et al, 2014; Gao et al, 2015). However, more studies have focused on the
contributions of maternal factors to the initiation of labor (Simmons
et al, 2010; Norman & Shennan, 2013), and the concept that fetal organ
development and maternal adaptation are coordinated has emerged in
recent years (Petraglia et al, 2010; Mendelson et al, 2017).

Since the development and maturation of the fetal lungs and secre-
tion of pulmonary surfactant are critical for air breathing after birth, we
considered that surfactant components may serve as potential factors in
the timing of parturition. We and others observed that lung surfactant
components, SP-A, and the inflammatory glycerophospholipid, platelet-
activating factor (PAF), secreted by the fetal lungs into amniotic fluid
(AF) during late gestation, serve as hormonal signals for the initiation
of parturition (Frenkel et al, 1996; Condon et al, 2004; Gao et al, 2015).
We found that WT pregnant mice carrying fetuses that were double
deficient in steroid receptor coactivators (Src)-1 and Src-2 (Src-1/-2%4)
manifested a delay in parturition by 1 ~ 2 days, caused by a deficiency
in SP-A and PAF production by the fetal lungs and secretion into amni-
otic fluid (Gao et al, 2015).

SRCs do not directly bind to the promoter regions of genes but can
significantly increase nuclear receptor-mediated gene transcription by
interacting with nuclear receptors bound to these regions, recruiting
histone acetylases, which increase histone acetylation to open chro-
matin and increase gene transcription (Lonard & O’Malley, 2007). Src-
1/-2 double-knockout (dKO) mice die at birth of respiratory distress
(Mark et al, 2004) because of impaired lung development (Chen
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et al, 2020) and decreased production of the major surface tension
lowering component of lung surfactant, dipalmitoylphosphatidylcho-
line (DPPC) (Gao et al, 2015). Recently, we observed that the lungs of
Src-1/-2 dKO fetal mice have significantly reduced expression of 11f-
hydroxysteroid dehydrogenasel (118-HSD1), which contributes to
decreased glucocorticoid responsiveness (Chen et al, 2020). To iden-
tify other fetal lung-derived factors that contribute to fetal lung devel-
opment and the initiation of parturition, in this study, we further
explored alterations in gene expression in the lungs of Src-1/-2 dKO
fetal mice, compared to WT. Intriguingly, we observed that expression
of two genes involved in arginine metabolism and biosynthesis, argi-
nase 1 (Argl) and argininosuccinate synthase 1 (Assl), was signifi-
cantly altered in lungs of Src-1/-2 dKO mice, compared to WT.

Results

RNA sequencing of fetal lungs from WT and Src-1 and/or Src-2-
KO mice at 18.5 dpc

To identify alterations in gene expression in fetal lungs of Src-1 KO
and/or Src-2 KO mice, we performed RNA-seq analysis on lungs
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from WT, Src-1 KO, Src-2 KO, and Src-1/-2 dKO fetuses at 18.5 days
post-coitum (dpc). A total of 61, 32, 11, 901, and 480 significant
DEGs were identified in the Src-1KO versus WT, Src-2KO versus
WT, Src-1/-2 dKO versus Src-1KO, Src-1/-2 dKO versus Src-2KO, and
Src-1/-2 dKO versus WT comparisons, respectively (Dataset EV1;
Fig 1A). Since delayed labor only occurred when the fetuses were
deficient in both Src-1 and Src-2, we focused on the 480 DEGs in the
fetal lungs of Src-1/-2 dKO versus WT mice. The top 10 biological
process pathways that were significantly different in Src-1/-2 dKO
versus WT according to gene ontology (GO) analysis are listed
(Fig 1B). Among these pathways, several were shown to be closely
related to organ development. Since Src-1/-2 dKO mice displayed
abnormal lung development (Chen et al, 2020), it was of interest
that nine DEGs, including Crh, Gli3, Mycn, Glil, Argl, Lif, Crispld2,
Ccbel, and Hsd11bl, were found to be associated with the lung
development pathway (Fig 1C). One of the transcripts that was
markedly downregulated in the lungs of Src-1/-2 dKO mice com-
pared to WT was Argl, which encodes a key enzyme that catalyzes
the metabolism of arginine to ornithine and urea. Therefore, we
looked over the DEGs involved in the amino acid biosynthesis and
metabolism pathways using the Kyoto Encyclopedia of Genes and
Genomes (KEGG) analysis and found that another gene termed AssI
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Figure 1. RNA expression profile and GO analysis of the lungs from WT, Src-1 KO, Src-2 KO, and Src-1/-2 dKO fetuses at 18.5 dpc.
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Venn diagram showing the number of DEGs in each group.

Horizontal bar chart demonstrates the top 10 GO terms of biological processes in which the DEGs between Src-1/-2 dKO versus WT groups are enriched. The numbers

of DEGs involved in each biological process were listed alongside the corresponding bar.

C
D

Source data are available online for this figure.
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Heatmap of DEGs between the Src-1/-2 dKO and WT fetuses that are involved in the lung development pathway (GO: 0030324).
The DEGs of the lungs between Src-1/-2 dKO and WT fetuses involved in the amino acid biosynthesis and metabolism pathways using the KEGG analysis.
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(argininosuccinate synthetase 1), which is annotated to the arginine
biosynthesis pathway along with Argl, was also significantly down-
regulated in lungs of Src-1/-2 dKO mice compared to WT (Fig 1D).

Argl and Ass1 expression is significantly decreased in the lungs
of Src-1/-2dKO fetal mice

Next, we validated the RNA-seq findings by analyzing Argl and
Ass] mRNA and protein expression in the lungs of WT fetal mice
versus lungs of Src-1 KO, Src-2 KO, and Src-1/-2 dKO fetal mice using
RT-qPCR and western blotting, respectively (Fig 2A-D). Notably,
Argl mRNA levels in the lungs of Src-1 KO, Src-2 KO, and Src-1/-2
dKO fetuses were significantly decreased compared with those of
WT fetuses (Fig 2A). ARG1 protein levels in the lungs of Src-1 KO
and Src-2 KO fetuses also showed decreased trend compared with
those of WT fetuses, whereas only the lungs of Src-1/-2 dKO fetuses
exhibited a significant decrease in ARG1 protein levels compared to
WT (Fig 2B). In the case of Assl, mRNA levels were significantly
decreased in Src-1/-2 dKO fetal lungs, compared to WT, Src-1 KO, or
Src-2 KO fetal lungs; however, AssI mRNA levels were not signifi-
cantly altered in the Src-1 KO or Src-2 KO fetal lungs compared to
WT (Fig 2C). ASS1 protein levels were also significantly decreased
in Src-1/-2 dKO fetal lungs compared to WT; although ASS1 protein
expression showed decreased trend in Src-2 KO fetal lungs compared
to WT, the difference did not reach statistically significant level
(Fig 2D). Immunohistochemical (IHC) analysis also showed that
protein expression of ARG1 and ASS1 in fetal lungs at 18.5 dpc was
decreased in Src-1/-2 dKO fetuses compared to WT fetuses (Fig 2E
and F).

Dynamic temporal changes in Argl and Ass1 expression in fetal
lungs of WT mice during late gestation

The mRNA levels of Argl were significantly increased in the lungs
of WT fetuses at labor, compared to 15.5 and 17.5 dpc. ARG1 pro-
tein levels were significantly increased only between labor and 15.5
dpc (Fig 3A and B). Ass]1 mRNA and protein expression also was
significantly increased in the lungs of WT fetuses at labor, compared
to 15.5dpc (Fig 3C and D). Additionally, IHC staining showed
dynamic increases in ARG1 and ASS1 abundance in the fetal lungs
of WT mice from 15.5 dpc to labor (Fig 3E and F). By immunofluo-
rescent staining, ARG1 was found to be dispersedly distributed in
cytoplasm of type II alveolar epithelial cells indicated by their
marker, lysophosphatidylcholine acyltransferase 1 (LPCAT1) (Fig EV1A),
while ASS1 was expressed as aggregates mainly in the cytoplasm of type
[ alveolar epithelial cells, indicated by their marker, podoplanin (PDPN)
(Fig EV1B).

Argl and Ass1 metabolites in fetal lungs from Src-1/-2 dKO mice

ARG1 and ASS1 are key enzymes in the urea cycle and are involved
in the metabolism of a number of amino acids. Argl hydrolyzes
arginine to ornithine and urea, while ASS1 catalyzes conversion of
citrulline to arginine succinate (Fig 4A). To assess the levels of
ARG1 and ASS1 metabolites in fetal lungs from Src-1/-2 dKO versus
WT mice, liquid chromatography-mass spectrometry (LC-MS) com-
bined with multiple reaction monitoring (MRM) technology was
used to analyze nucleotides, amino acids, energy metabolism
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intermediates, neurotransmitters, and vitamins in central carbon
metabolic pathways (Cai & Zhu, 2019). The principal component
analysis (PCA) chart showed that the experimental data were stable
and reliable, indicating that the differences in the metabolic profile
obtained in the experiment reflect the biological differences between
the samples (Fig EV2A). Fifty metabolites were significantly differ-
ent between the fetal lungs from Src-1/-2 dKO mice and WT mice
(Fig 4B), and both arginine biosynthesis and metabolism pathways
were significantly altered according to KEGG pathway analysis
(Fig 4C).

The concentration of arginine in the Src-1/-2 dKO fetal lungs was
significantly higher than that of WT fetal lungs, while the concentra-
tion of ornithine was significantly reduced in the Src-1/-2 dKO fetal
lungs compared to WT (Fig 4D). These results are consistent with
the decreased expression of Argl in the Src-1/-2 dKO fetal lungs. In
addition, arginine can also be metabolized by nitric oxide synthase
(NOS) to synthesize nitric oxide (NO) (Fig 4A). Although the expres-
sion of NOS was not altered in the fetal lungs of Src-1/-2 dKO mice
(Dataset EV1), the levels of asymmetric dimethylarginine (ADMA),
an inhibitor of NOS, were significantly increased. Moreover, the
ratio of arginine to ADMA was reduced in the lungs of the Src-1/-2
dKO fetuses compared to WT (Fig 4E), suggesting that the bioavail-
ability of NO was inhibited in Src-1/-2 dKO fetal lungs.

However, the expression level of ASS1 was also decreased in the
fetal lungs of Src-1/-2 dKO mice, and the concentration of its
substrate citrulline was not significantly changed in the lungs of
Src-1/-2 dKO fetal mice compared to WT (Fig EV2B). The level of
arginine succinate, the metabolite formed by the action of ASS1,
was too low to be detected in the fetal lungs from either WT or Src-
1/-2 dKO mice. Therefore, we focused on the effects of ARG1 and its
metabolites on fetal lung development and the initiation of labor.

Knockdown of Arg1 in fetal lungs induces apoptosis of alveolar
epithelial cells

To investigate the effects of ARG1 on the development of fetal lungs,
adeno-associated virus (pAAV2/9-U6-GFP) carrying either a short
hairpin RNA (shRNA) control sequence (AAV-2/9) or Argl-targeting
shRNA sequence (AAV-shArgl) was injected into the placenta of
each fetus at 13.0dpc. The pregnant females were euthanized dur-
ing labor (defined as the delivery of the first pup), and fetal lungs,
livers, placenta, and myometrium were harvested for subsequent
analyses. GFP expression was evident in the fetal lungs of both
AAV-2/9-injected and AAV-shArgl-injected mice (Fig 5A), indicat-
ing the high efficiency of AAV infection. The protein abundance of
ARG1 was significantly decreased in the fetal lungs of AAV-shArgl-
injected mice compared with those of AAV-2/9-injected mice
(Fig 5B). Although GFP fluorescence is also highly expressed in fetal
liver and maternal myometrium, but not in placenta (Fig EV3A),
which is consistent with the GFP mRNA expression pattern in these
tissues (Fig EV3B), the expression of ARG1 was not significantly dif-
ferent in fetal livers, placenta, and myometrium between AAV-
shArgl-injected mice and AAV-2/9-injected mice (Fig EV3C-E),
suggesting the relatively high specificity and efficiency of Argl
knockdown in the fetal lungs by AAV-shArgl injection.

Previous studies have shown that ARG1 is related to proliferation
and migration in breast cancer and hepatocellular carcinoma (You
et al, 2018; Ming et al, 2020). Therefore, we utilized western
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Figure 2. Validation in Argl and Ass1 mRNA and protein expression in fetal lungs from WT, Src-1 KO, Src-2 KO, and Src-1/-2 dKO mice at 18.5 dpc.

A, C mRNA levels of Arg1 and Ass1 in fetal lungs of mice with different genotypes at 18.5 dpc; n = 8 biological replicates in each group for panel A and seven biological
replicates in each group for panel C. One-way ANOVA followed by Tukey’s multiple-comparison test was used to analyze the data. The data are shown as the mean
+s.e.m., *P < 0.05, ***P < 0.001, and ****P < 0.0001, compared with the WT group.

B, D Representative immunoblots of ARG1 and ASS1 protein expression in fetal lungs from mice with different genotypes at 18.5 dpc. Densitometric quantitation of
immunoblot scans (relative to f-actin as a loading control) is also shown as a bar graph; n =3 biological replicates in each group. One-way ANOVA followed by
Tukey’s multiple-comparison test was used to analyze the data. The data are shown as the mean + s.e.m., *P < 0.05, **P < 0.01, and ***P < 0.001, compared with

the WT group.

E, F Immunohistochemical staining of ARG1 and ASS1 in fetal lungs of WT and Src-1/-2 dKO mice at 18.5 dpc. PBS was used instead of the primary antibody as a nega-

tive control (NC). Scale bars: 50 pm in (E) and (F).

Source data are available online for this figure.

blotting and immunofluorescence to observe whether the prolifera-
tion or apoptosis of fetal lung cells was affected by Argl knock-
down. The protein expression of Ki67 was not affected by the
knockdown of Argl in fetal lungs (Fig 5C). Consistently, the number
of Ki67-positive cells was not different between fetal lungs of AAV-
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shArgl-injected mice and those of AAV-2/9-injected mice (Fig 5D).
In contrast, although the expression of the inactive caspase3 precur-
sor (pro-caspase3) was comparable in the fetal lung tissues from
AAV-shArgl-injected mice and AAV-2/9-injected mice (Fig 5C), the
expression of two spliced and active caspase3 proteins (cleaved
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Figure 3.
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Figure 3. Dynamic changes in fetal lung Arg1 and Ass1 expression in WT mice during late gestation.

A, C mRNA expression of Argl and Ass1 in the lungs of WT fetuses at gestational ages from 15.5 dpc to labor. n =6 biological replicates for each gestational age in panel
A; n=6 biological replicates for 15.5dpc, 17.5dpc, and labor group, n =5 biological replicates for 16.5 and 18.5dpc group in panel (C). Kruskal-Wallis test followed
by Dunn’s multiple-comparison test was used to analyze the data. The data shown are the mean £ s.e.m. **P < 0.01 and ****P < 0.0001.

B, D Representative immunoblots of gestational changes in ARG1 and ASS1 protein expression in the lungs of WT fetuses at gestational ages from 15.5 dpc to labor.
Densitometric quantitation of scans of immunoblots (relative to tubulin as loading control) is also shown as the mean & s.e.m. in bar graph; n = 4 biological
replicates for each gestational age; Kruskal-Wallis test followed by Dunn’s multiple-comparison test was used to analyze the data. *P < 0.05 compared with 15.5

dpc.

E, F Immunohistochemical staining of ARG1™ (E) or ASS1* (F) cells in the fetal lungs of WT mice at 15.5 dpc, 17.5 dpc, and labor. PBS was used instead of the primary

antibody in the NC group. Scale bars: 100 pm in (E) and (F).

Source data are available online for this figure.

caspase3) was significantly increased in the fetal lungs of AAV-
shArgl-injected mice compared with those of AAV-2/9-injected
mice (Fig 5C). Moreover, multiple immunofluorescence stainings
showed more TUNEL-positive cells colocalized with either PDPN
(type I alveolar epithelial cells marker) staining (Fig S5E) or LPCAT1
(type II alveolar epithelial cells marker) staining (Fig S5F) in the fetal
lungs of AAV-shArgl-injected mice than in AAV-2/9-injected mice.
To further dissect how the knockdown of Argl induces apoptosis of
epithelial cells in fetal lungs, we determined the levels of L-arginine
in fetal lungs and found that L-arginine levels significantly increased
in fetal lungs after Argl knockdown (Fig EV4A). Then, we treated
lung epithelial cell line (A549) with L-arginine at the concentration
of 0.1 mg/ml and performed TUNEL staining. It was shown that L-
arginine can significantly induce the apoptosis of A549 cells
(Fig EV4D). Taken together, these results suggest that the decrease
in ARG1 expression has no effect on proliferation but enhances apo-
ptosis of fetal lung cells, especially the alveolar epithelial cells,
which may be induced by the aberrant accumulation of L-arginine
and affect the development of the fetal lungs.

Argl inhibition delays labor due to the attenuation of
myometrial cell contractility caused by L-arginine accumulation

Interestingly, we observed that the gestation period of pregnant
mice injected with AAV-shArgl was prolonged and the initiation of
labor was delayed. The average gestation period was 21.375+
0.473 dpc in mice injected with AAV-shArgl, which was signifi-
cantly longer than that in mice injected with control AAV (19.5 +
0.204 dpc) (Fig 6A). It was previously found that L-arginine reduced
downstream vascular smooth muscle contractility (Ayers-Ringler
et al, 2021), and in the current study, we found that L-arginine
levels significantly increased in amniotic fluid although not in
myometrium after Argl knockdown (Fig EV4B and C), which
suggested that L-arginine might act on the myometrial cells through
amniotic fluid in a paracrine manner. We next investigated whether
the ARG1 substrate arginine or the Argl metabolite ornithine can
alter the contractility of the myometrium. hTERT-HMSMC cells were
embedded in three-dimensional collagen gel matrices and treated
with arginine (0.1 mg/ml) or ornithine (0.1 mg/ml) for 24 h. The
spontaneous contraction of the gel disk was significantly inhibited
by treatment with arginine (Fig 6B), but it was not affected by treat-
ment with ornithine (Figs EV5A and 5B).

To determine the direct cause of delayed labor and attenuated
myometrial contractility in AAV-shArgl-injected mice, the expres-
sion of contraction-associated proteins (CAPs) in the myometrium
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was analyzed. The protein levels of connexin-43 (CX43), oxytocin
receptor (OXTR), cyclooxygenase 2 (COX2), and prostaglandin F2a
receptor (PTGFR) were all significantly decreased in the myome-
trium of pregnant females injected with AAV-shArgl compared to
that of females injected with control AAV (Fig 6C). Since the genes
that encode these contractile proteins are known targets of NF-xB
(32, 33), we further assessed the activation state of NF-kB. The pro-
tein levels of activated NF-kB, namely its phosphorylated p65
subunit (phospho-S536), were greatly reduced in the myometrial tis-
sues of pregnant females injected with AAV-shArgl compared to
those of females injected with the control AAV (Fig 6D). These find-
ings suggest that the accumulation of arginine due to the knock-
down of Argl in fetal lungs may block the activation of NF-xB in
maternal myometrium and inhibit the downstream expression of
various CAPs in a paracrine manner; these phenomena may subse-
quently attenuate the contraction of pregnant uteri near term and
eventually lead to delayed labor.

Transactivation of the Argl promoter is enhanced by GR and
C/EBPf in an Src-1/-2-dependent manner

Many studies have shown that glucocorticoids play an important
role in the maturation of fetal lungs (Cole et al, 1995; Bird
et al, 2014). In hepatoma cells, it was found that both glucocorticoid
receptor (GR) and CCAAT/enhancer-binding protein p (C/EBPf)
were required for Argl upregulation induced by glucocorticoids
(Gotoh et al, 1997). To investigate the mechanisms underlying Argl
transcriptional regulation in fetal lungs, we identified proximal puta-
tive glucocorticoid-responsive elements (GREs)- and C/EBP-binding
sites in the murine Argl promoter between —1,000 and 0 bp relative
to the transcription start site (Fig 7A) using the LASAGNA-Search
2.0 online tool (https://biogrid-lasagna.engr.uconn.edu/lasagna_
search/) with TRANSFAC matrices.

To assess the recruitment of endogenous GR, SRC-1, SRC-2, and
C/EBPB to tethering GRE- and C/EBP-binding sites, ChIP-qPCR was
carried out with lung tissues from WT versus Src-1/-2 dKO fetal
mice at 18.5 dpc using qPCR primers flanking each of these sites.
Endogenous GR, SRC-1, SRC-2, and C/EBPfB were substantially
recruited to both GRE- and C/EBP-binding sites in the Argl pro-
moter of the fetal lung tissues of WT mice, whereas the enrichment
of GR, SRC-1, SRC-2, and C/EBPp at the GRE- and C/EBP-binding
site regions was abolished in Src-1/-2 dKO mice (Fig 7B-E). As a
positive control, the qPCR results of GRE- and C/EBP-binding site
for input DNA from WT mouse fetal lung at 18.5 dpc are shown in
Fig 7F.

© 2023 The Authors
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Figure 4. Profile of small-molecule metabolites in the fetal lungs of WT and Src-1/-2 dKO mice at 18.5 dpc.

metabolic pathways (highlighted with red box) were both significantly enriched.

A Schematic diagram of the urea cycle.
B
are indicated with red arrows.
C
D, E

Heatmap showing metabolites with significantly different levels in WT versus Src-1/-2 dKO fetal lungs (P-value < 0.05 and fold change > 1.5). Arginine and ornithine
Bubble chart of KEGG pathway enrichment analysis demonstrated that the arginine biosynthesis pathway (highlighted with red box) and arginine and proline

Histograms showing the content of arginine, ornithine, ADMA, and the ratio of arginine to ADMA in the fetal lungs of WT mice and Src-1/-2 dKO mice at 18.5dpc.

Mann-Whitney test was used to analyze the data in panel (D), and unpaired t-test was used to analyze the data in panel (E). n =5 biological replicates for each
group, and the data are shown as the mean + s.e.m. The central band indicates the median, the boxes indicate the upper quartile and lower quartile, and the whis-
kers indicate maximum value and minimum value of the data. *P < 0.05 and **P < 0.01, compared with the WT fetal lungs.

Source data are available online for this figure.
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Figure 5. Knockdown of Arg1 in fetal lungs by placental injection of GFP-tagged, shRNA Arg1-targeting adeno-associated virus (AAV) promotes apoptosis

of alveolar epithelial cells.

A Frozen sections show widespread and intense expression of GFP in the fetal lungs of mice injected with GFP-tagged, Argl-targeting AAV (AAV-shArgl) or GFP-tagged

control AAV (AAV-2/9). Scale bars: 500 pm.

B Representative immunoblots of ARG1 expression in the fetal lungs from the AAV-shArgl-injected group and the AAV-2/9-injected group. Densitometric quantitation of
scans of immunoblots (normalized to tubulin) is also shown as a bar graph. Unpaired t-test was used to analyze the data and n =3 biological replicates for each
group. The data are shown as the mean =+ s.e.m. **P < 0.01 compared with the AAV-2/9-injected group.

C Representative immunoblots and densitometric quantitation of Ki67, caspase3 precursor (pro-caspase3), and cleaved caspase3 expression in the fetal lungs from the
AAV-shArgl-injected group and AAV-2/9-injected group. Unpaired t-test was used to analyze the data and n =3 biological replicates for each group. The data are
shown as the mean =+ s.e.m. **P < 0.01 compared with the AAV-2/9-injected group; n.s indicates nonsignificant.

D Immunofluorescence images indicating Ki67+ cells in fetal lung tissues from AAV-shArgl-injected mice or AAV-2/9-injected mice. Blue: DAPI (nuclei); Red: Ki67.

E  Multiple immunofluorescence staining and densitometric quantitation of TUNEL with PDPN antibody (type | alveolar epithelial cells marker) on sections of fetal lungs
from AAV-shArgl-injected mice versus AAV-2/9-injected mice. Blue: DAPI (nuclei); Green: PDPN (type | cells); Red: TUNEL positive. Unpaired t-test was used to analyze
the quantitation data and n =3 biological replicates were generated from the mean intensity of thee randomly selected fields of view for each group. The data are
shown as the mean + s.e.m. ***P < 0.001 compared with the AAV-2/9-injected group.

F  Multiple immunofluorescence staining and densitometric quantitation of TUNEL with LPCAT1 antibody (type Il alveolar epithelial cells marker) on sections of fetal
lungs from AAV-shArgl-injected mice versus AAV-2/9-injected mice. Blue: DAPI (nuclei); Green: LPCAT1 (type Il cells); Red: TUNEL positive. Unpaired t-test was used to
analyze the quantitation data and n=3 biological replicates were generated from the mean intensity of three randomly selected fields of view for each group. The
data are shown as the mean + s.e.m. ***P < 0.001 compared with the AAV-2/9-injected group.

Data information: Scale bars in (D—F): 50 pm.
Source data are available online for this figure.

Discussion

During pregnancy, metabolic processes within the mother and fetus
undergo substantial changes. Findings from a number of recent
studies using nontargeted metabolomic analyses of the peripheral
blood from pregnant women indicated that more than half of the
metabolites and metabolic pathways change during pregnancy;
some of these changes can even be used to accurately predict gesta-
tional age and the time of labor (Liang et al, 2020; You et al, 2020).
As metabolic sensors and cross-organ coordinators, SRCs regulate
food intake, sleep behavior, stress response, and reproduction (Tetel
& Acharya, 2013; Stashi et al, 2014; Szwarc et al, 2015), playing
important regulatory roles in the metabolism of lipids, carbohy-
drates, amino acids, and steroids (Stashi et al, 2014). In our previ-
ous studies, we found that Src-1/-2 dKO fetal mice were smaller in
overall size, weight, and lung size than WT fetal mice, and their
lung maturity was decreased compared to that of WT fetuses (Gao
et al, 2015). Further studies also suggested that the signals gener-
ated when fetal lungs mature are controlled by Src-1/Src-2 and are
closely associated with the initiation of labor (Gao et al, 2015; Chen
et al, 2020). However, the differentially expressed genes and path-
ways affected by Src-1/-2 dKO that impair fetal lung development
and maturation have not been fully elucidated. In the present study,
we used RNA-seq combined with targeted metabolomics to further
investigate the changes in the metabolic pathways in the fetal lungs
of Src-1/-2 dKO mice, compared to WT. We found that one of the
most highly downregulated genes in fetal lungs of Src-1/-2 dKO mice
was Argl. ARGl deficiency was associated with a significant
increase in arginine levels and a decrease in ornithine levels.

It is of interest that the serotype 9 of AAV we used to package
the shArgl RNA has relative high affinity to fetal lung, fetal liver,
and maternal myometrium but very low affinity to placenta, even
though the AAV is injected through placenta. Moreover, although
AAV-2/9 is incorporated into fetal lung, fetal liver, and myome-
trium, the mRNA and protein level of Argl were significantly
knocked down only in fetal lung, but not in fetal liver and myome-
trium. One of the possible explanations we can propose now is that

© 2023 The Authors

the shArgl RNA sequence might somehow have higher homology
with Argl DNA in fetal lung than that in other tissues, such as fetal
liver and myometrium, so as to manifest higher efficiency of gene
knock down in fetal lung, making this serotype of AAV a promising
methodology for loss of function or gain of function in the future
fetal lung study. Certainly, more studies regarding the fetal lung
genomic characteristics need to be done in the future to illustrate if
this kind of phenomenon is specific to Argl gene or a comprehen-
sive mechanism for a bunch of genes with similar patterns as Argl.

One of the important functions of ARGI is to catalyze the hydro-
lysis of arginine to ornithine and urea in the urea cycle (Sin
et al, 2015). L-arginine (L-Arg) is considered to be a “conditionally
essential amino acid” in the diet since it is required for survival,
growth, and development of conceptuses during the peri-
implantation period of pregnancy (Wang et al, 2015). Arginine can
also promote placental angiogenesis and growth, improve placental
blood flow, and increase the transfer of nutrients from the mother to
the fetus (Herring et al, 2018). Arginine at physiological concentra-
tions stimulated maximum ovine trophectoderm cell proliferation
(Wang et al, 2015). However, in ARG1-deficient patients, a partial
or complete loss of the arginase activity affects the urea cycle in the
liver, leading to hyperargininemia with spastic paraplegia, progres-
sive neurological and intellectual impairment, persistent growth
retardation, and hyperammonemia (Sin et al, 2015; Bjorke-Jenssen
et al, 2017; Herring et al, 2018). Argl KO mice are small at birth and
differ from wild-type mice in terms of weight and other parameters.
They exhibit hyperargininemia, hypoornithinemia, and hyperammo-
nemia and die within 2 weeks (Iyer et al, 2002). In the current
study, we found that L-arginine level significantly increased in fetal
lung after Argl knockdown, and L-arginine can induce lung epithe-
lial cell apoptosis significantly. Consistent with the previous find-
ings, our results once again provide evidence that physiological
levels of arginine are critical for normal fetal growth while aberrant
accumulation of arginine caused by Argl deficiency might impair
fetal development.

The development of lung includes five stages, the embryonic
stage, the pseudoglandular stage, the canalicular stage, the later
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Figure 6. Knockdown of Arg1 in fetal lungs blocks the activation of NF-kB and inhibits the expression of downstream CAP-encoding genes in the

myometrium.

A

The average gestation length in days of mice injected intraplacentally with AAV-shArgl or AAV control viruses. Unpaired t-test analysis was used and data are the
mean =+ s.e.m. of gestation length. n = 4 biological replicates per group. *P < 0.05.

Quantitative analysis of the gel area containing hTERT-HM cells treated with L-arginine or vehicle control. Mann-Whitney test was used to analyze the data, and n
=9 biological replicates in control group and n =12 biological replicates in L-Arginine-treated group. The data are shown as the mean + s.e.m. **P < 0.01. Representa-
tive images of spontaneous contractions of the gel disks are shown.

Representative western blots and quantitative analysis of CAP expression in the myometrium of pregnant mice injected intraplacentally with AAV-shArgl or AAV con-
trol viruses. Mann-Whitney test was used to analyze CX43 and PTGFR data and unpaired t-test was used to analyze COX2 and OXTR data. n = 4 biological replicates
for CX43, COX2, and PTGFR groups, and n =5 biological replicates for OXTR group. The data are shown as the mean = s.e.m. *P < 0.05.

Representative western blots and quantitative analysis of NF-kB p-p65 (phospho-5536) and NF-kB p65 expression in the myometrium of pregnant mice injected intra-
placentally with AAV-shArgl or AAV control viruses. Unpaired t-test was used and n = 4 biological replicates for each group. The data are shown as the mean + s.e.m.

**P < 0.01.

Source data are available online for this figure.

saccular stage and alveolar stage (Mendelson, 2000; Nikolic
et al, 2018). Except for the alveolar stage, which is completed after
birth, the first four stages occur in utero (Surate Solaligue
et al, 2017). Angiogenesis and the development of the pulmonary
vascular system are generally considered to be factors that drive
alveolar formation (Mariduena et al, 2022). After birth, ARG1 inhibi-
tion can increase the bioavailability of L-arginine, restore normal
pulmonary vascular resistance and middle wall thickness, and
improve the structure and function of pulmonary blood vessels in

10 of 18  EMBO reports 24: e56352 | 2023

young rats (Surate Solaligue et al, 2017). However, in the present
study, we found that decreased ARG1 expression and increased
L-arginine level were associated with abnormal fetal lung develop-
ment, suggesting that ARG1 and its metabolites may play different
roles in the intrauterine stage of fetal lung development compared
with their roles after birth (Lewin & Hurtt, 2017).

In addition to being an important substrate for protein synthesis,
arginine is also a precursor of many molecules related to cell signal-
ing and metabolic functions, including NO, proline, and polyamines

© 2023 The Authors
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A Consensus motifs containing putative GRE and C/EBP-binding sites in the mouse Arg1 promoter between —1,000 and 0 bp relative to transcription start site (TSS).
B—E hromatin immunoprecipitation (ChIP) was performed with WT or Src-1/-2 dKO fetal lung tissues using antibodies against GR (B), SRC-1 (C), SRC-2 (D), or C/EBPB (E).
Enrichment of these transcription factors at the GRE- or C/EBPB-binding sites within the Arg1 promoter were determined by quantitative PCR. Unpaired t-test was
used for panel (B) and Mann—-Whitney test was used for Panel (C-E). n = 6 biological replicates for each group. The data are presented as the mean + s.e.m.
*P < 0.05, **P < 0.01, and ***P < 0.001.
F Quantitative PCR results for GRE- and C/EBP-binding site using “input” (positive control) DNA without being immunoprecipitated with any specific antibody. n=6

biological replicates for each group. The data are presented as the mean + s.e.m.

Source data are available online for this figure.
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(Wu & Morris, 1998; Wu et al, 2013; Herring et al, 2018; Hsu & Tain,
2019; Weckman et al, 2019), which play important roles in preg-
nancy and fetal development. NO can increase placental blood flow
(Hou et al, 2016; Weckman et al, 2019) and participate in many pro-
cesses during pregnancy (Sutton et al, 2020). The intravenous
administration of 20 g/day of L-arginine for seven consecutive days
to women in the third trimester of pregnancy was found to increase
the weight of newborns with unexplained IUGR, possibly by
increasing the bioavailability of NO to the fetus (Wu et al, 2012).
Although by RNA-seq, we observed that NO synthase expression in
the lungs of Src-1/-2-deficient fetuses was similar to WT, metabolo-
mics analysis revealed that the concentration of ADMA in the lungs
of Src-1/-2-deficient fetuses was increased compared to that of WT.
ADMA is the most powerful endogenous competitive inhibitor of
NO synthase. ADMA is derived from the catabolism of post-
translationally modified proteins containing methylated arginine
residues (Jarquin Campos et al, 2019) and competes with L-arginine
for the active site of NO synthase to inhibit NOS activity (Luiking
et al, 2012). The accumulation of ADMA during pregnancy may
affect fetal development by interfering with placental vascular endo-
thelial function and angiogenesis (Dai et al, 2020).

In nonhepatic tissues lacking a complete urea cycle, the ARG1
reaction is considered to be a source of ornithine, which leads to the
production of other bioactive molecules, such as polyamines (sper-
mine and spermidine), proline, or glutamic acid (Bjelakovic et al,
2015; Sivashanmugam et al, 2017). Proline is a major component of
many structural proteins, especially collagen (Caldwell et al, 2018).
Polyamines can interact with RNA and DNA to regulate protein syn-
thesis and cell growth and play an important role in the normal
growth of the placenta and fetus (Igarashi & Kashiwagi, 2010). In
the present study, we also found that the concentration of ornithine
was significantly decreased in the Src-1/-2 dKO fetal lungs,
suggesting that the production of downstream ornithine metabolites
may be inhibited. Whether paradoxical intrauterine fetal lung dys-
plasia after Argl knockdown is attributed to the increased ADMA-
to-NO ratio or caused by the decreased production of ornithine and
its downstream metabolites, proline and polyamines, remains to be
determined.

A series of studies have shown that arginine levels are related to
the initiation of labor (Neri et al, 2010). A prospective cohort study
showed that maternal arginine intake was negatively correlated with
overall preterm births and preterm births that occurred before 34
weeks of gestation (Darling et al, 2017). When the intake of arginine
reached approximately 1,500 mg/1,000 kcal, the rate of preterm
delivery before 34 weeks was significantly reduced (Darling
et al, 2017). Moreover, the experimental administration of arginine
to pregnant women at risk of preterm birth significantly increased
the length of gestation (Neu, 2009; Winer et al, 2009; Neri et al,
2010) and lowered the preterm birth rate (Vadillo-Ortega et al,
2011). In the present study, we found that reduced expression of
Argl in fetal lungs was associated with a delay in the timing of par-
turition in pregnant mice. Since ARG1 expression was not changed
in maternal myometrium, we proposed that the accumulation of
arginine in fetal lungs due to the deficiency of Argl may inhibit the
contraction of myometrium in an endocrine manner or a paracrine
manner (through secretion into the amniotic fluid). This hypothesis
is supported by the findings that L-arginine exerts an inhibitory
effect on the contraction of uterine strips from pregnant rats (Izumi
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et al, 1993; Yallampalli et al, 1994), of uteri from pregnant dogs near
term (Rizzo et al, 2011), and in women at risk of premature labor
(Facchinetti et al, 1996). Furthermore, this is consistent with our
observations that L-arginine significantly inhibited spontaneous con-
tractions of the human myometrial smooth muscle cells in culture.

L-arginine may have direct or indirect effects on the contractility
of myometrium. The intake of arginine from the diet may increase
the bioavailability of NO, thereby reducing the risk of preterm birth
(Wu et al, 2012). The competitive NO synthase inhibitor L-nitro-
arginie methyl ester (L-NAME) can induce preterm labor, which can
be prevented by the NO precursor sodium nitroprusside (SNP)
(Tiboni & Giampietro, 2000). It was found that NO plays a role in
maintaining uterine muscle quiescence by promoting CX43 nitrosy-
lation and weakening gap junction activity (Barnett et al, 2021). In
the present study, we found that the addition of L-arginine to culture
medium surrounding hTERT-HMSMC cells inhibited the expression
of various CAPs, including CX43, OXTR, COX2, and PTGFR; this
was associated with decreased activation of NF-kB. Whether L-arginine
attenuates NF-«xB activation through protein nitrosylation by increasing
the production of NO warrants further investigation.

Argl expression was reported to be regulated by a number of
transcription factors. The glucocorticoid receptor (GR) can affect the
urea cycle in the liver by increasing Argl expression, which contrib-
utes to amino acid homeostasis under conditions of glucocorticoid
excess (Okun et al, 2015). Studies in rat hepatoma cells have shown
that the upregulation of Argl expression by glucocorticoid requires
the increased expression of the transcription factor CCAAT/
enhancer-binding protein § (C/EBPB), which then binds to the
enhancer region spanning the junction of intron 7 and exon 8 of the
rat Argl promoter (Gotoh et al, 1997). In macrophages, C/EBPp defi-
ciency inhibits the expression of Argl (Larabee et al, 2018). Interest-
ingly, our recent studies revealed that the expression of C/EBPp was
reduced in the lungs of Src-1/-2 dKO fetuses. Further, glucocorti-
coids induced C/EBPa and C/EBPp expression, whereas GR, SRC-1,
and SRC-2 binding was only evident at the C/EBPp promoter but not
detectable in the C/EBPa promoter in lung tissues of WT fetal mice
(Chen et al, 2020). Collectively, these results suggested that the GC-
induced C/EBPp expression is essential for the transcriptional acti-
vation of Argl in mouse fetal lung.

Unlike rats, we found in the present study that the C/EBPp-=binding
site exists in the promoter region upstream from the transcription start
site of mouse Argl gene, and is quite proximal to the glucocorticoid-
responsive element (GRE). Moreover, ChIP-seq and ChIP-on-Chip
assays have shown that in liver tissue, GR was exclusively associated
with accessible chromatin, and 62% of GR-binding sites were occu-
pied by C/EBP. Disruption of C/EBPp binding to chromatin resulted
in attenuation of GR recruitment and GR-induced chromatin remo-
deling specifically at sites co-occupied by GR and C/EBPP (Phuc Le
et al, 2005; Grontved et al, 2013). On the other hand, there is evidence
that GR binds to C/EBPf response elements through a tethering mech-
anism to mediate GC induction of MKP-1/DUSP1 gene expression
(Johansson-Haque et al, 2008). Similarly, in the present study, we
found that endogenous GR and C/EBPp can not only bind to their indi-
vidual response element but also bind to each other’s putative binding
site. These results demonstrated a highly cooperative mechanism
by which GR and C/EBPp reciprocally regulated selective and tethered
C/EBPp and GR binding to the promoter of ArgI in an SRC-1/SRC-2-
dependent manner.

© 2023 The Authors



Yagin Yu et al

I

Fetal Lung
Src-1/2 dKO Mouse

EMBO reports

Placenta Injection of AAV-shArg1
in WT Mouse

/|
/@,‘
) /@ / NF-KB¢
W4
N s cx43
Cox2
CAPs¢{ o
Uterus Ptgfr

Myometrium

-
4
~,

Figure 8. Schematic diagram of the regulation of Argl and its roles in fetal lung development and parturition.

GR and C/EBP increase transcription of Argl in an SRC-1/SRC-2-dependent manner by binding to a tethered GRE- and C/EBP-binding site element in the Arg1 pro-

moter. Knockdown of Arg1 in the fetal lung induces apoptosis of epithelial cells and causes the accumulation of the Argl substrate arginine. In an endocrine or para-

crine manner, arginine significantly inhibits spontaneous myometrial contraction by attenuating the activation of NF-kB and the expression of downstream genes

encoding contraction-associated proteins, which delays the initiation of parturition.

In addition to GR and C/EBP, the transcription factors Fos-
related antigen 1 (Fra-1) and jun proto-oncogene (c-Jun) have been
found to be negative regulators of Argl transcription (Singh
et al, 2014; Hannemann et al, 2019). Whether glucocorticoids/GR
acting together with SRC-1 and SRC-2 enhance transcription of Argl
in the fetal lung by negatively regulating the action of these inhibi-
tory transcription factors is of great interest and will be examined in
future studies.

Conclusion

The expression of a key enzyme in arginine metabolism, ARG, is
developmentally upregulated in fetal lungs during late gestation and
is significantly decreased in Src-1/-2 dKO mice. The lungs of these
mice also exhibited increased levels of the ARGI1 substrate L-
arginine and decreased levels of the ARGl metabolite ornithine.
Knockdown of Argl in the fetal lung increased the levels of L-
arginine, which induced apoptosis of fetal lung epithelial cells and
dramatically delayed the initiation of parturition (Fig 8). Compared
with our previous findings in Src-1/-2 dKO mice, we suggest that
Argl and its metabolite L-arginine are more important for the

© 2023 The Authors

development and maturation of fetal lung, while SP-A and DPPC are
more important for the preparation of air breathing of the fetus after
birth. All of these fetus-derived factors may comprehensively act as
signals and contribute to the initiation of labor. This finding again
supports the hypothesis that parturition is a complex maternal-fetal
crosstalk, and multiple fetal lung-derived factors may be involved in
this process and serve as link among fetal lung development, func-
tions, and parturition.

Materials and Methods
Animal models

All animal procedures were approved by the Animal Care and Use
Committee of Naval Medical University, Shanghai (ethics approval
number: 20210308001). All the animal care and treatments were
carried out in compliance with Naval Medical University Animal
Care. Src-17/~ mice and Src-2*/~ mice were obtained from our in-
house stock. Src-1*/~/Src-2*/~ mice were generated by crossing Src-
17/~ mice with Src-2*/~ mice and were subsequently bred to
generate Src-17/~/Src-2*/~ males and females. C57BL/6J wild-type

EMBO reports 24: 563522023 13 of 18



EMBO reports

(WT) mice were purchased from Shanghai Regan Corporation,
Shanghai, China. WT females were bred to WT males as controls.
Breeding pairs were placed in the same cage at 6:00 pm and sepa-
rated at 8:00 am the next day; gestational age was considered 0.5
dpc when a vaginal plug was observed. The time of labor was
defined as delivery of the first pup. All the mice were bred in a
housing condition with a 12-h-dark/12-h-light cycle and were patho-
gen free, and the mice were allowed free access to standard pellet
chow.

For genotyping, DNA was extracted from the tails of mice using a
Mouse Tail Kit (Foregene, Chengdu, China) and amplified by PCR,
and genotyping was performed as previously described (Gao
et al, 2015). PCR products were size fractionated on 2% agarose gels
and visualized with ethidium bromide.

Collection of fetal lungs

Pregnant females were euthanized by cervical dislocation. Fetal
lungs were harvested from timed-pregnant mice at approximately
10:00 am at 15.5dpc, 16.5dpc, 17.5dpc, 18.5 dpc, and labor. All the
tissues were washed with ice-cold 1x PBS, frozen immediately in
liquid nitrogen, and then stored at —80°C until analysis. Tails of
fetuses from Src-deficient females were stored at —20°C for subse-
quent DNA isolation and genotyping.

RNA sequencing

RNA sequencing of fetal lungs was previously described (Chen
et al, 2020). Briefly, total RNA was extracted from the lungs of WT,
Src1~/~ (Srel KO), Src-2~/~ (Src-2 KO), and Src-1/Src-2 (dKO) fetuses
(four samples in each group) at 18.5 dpc. After RNA purity and
integrity were assessed, 2 pg of total RNA per sample was extracted
and used for cDNA library construction. Transcriptome sequencing
was carried out on an Illumina HiSeq platform. After removing low-
quality sequences and contaminants from the 150-bp paired-end
(PE) raw reads, the high-quality sequences (clean reads) were sub-
sequently analyzed. Differential gene expression was identified
between sample groups by applying the R package DESeq2. A gene
was considered a DEG when it met the following criteria: twofold
cutoff change (log2-fold change >1) in transcript levels and q
(adjusted P) value <0.05. GO analysis and KEGG datasets were
used to calculate the significance of the enrichment of DEGs in each
pathway.

Reverse transcriptase quantitative PCR

Total RNA was extracted from fetal lungs using the TRIzol method.
Quantitation of total RNA was performed by Microplate readers
(Biotek, USA). Then, 0.6 pg of total RNA was reverse transcribed
using a PrimeScript RT reagent Kit with gDNA Eraser (Takara,
Japan). Gene expression levels were quantified by a CFX Connect
Real-Time System (Bio-Rad, USA) using Thunderbird qPCR Mix
(Toyobo, Taiwan, China). p-actin expression was measured in paral-
lel for normalization. The cycling conditions were 95°C for 1 min,
followed by 49 cycles of 95°C for 15 s and 60°C for 1 min. The speci-
ficity of the primers was verified by examining the melting curve.
Distilled water was used in place of cDNA as a negative control for
all the reactions. Each sample was amplified in triplicate, and the
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mean Cq value was calculated. The abundance of mRNA was quan-
tified using the 274% method. The primer sequences are illustrated
in Table EV1.

Western blotting

Tissues were lysed in RIPA lysis buffer (Solarbio, Beijing, China)
supplemented with protease inhibitors (Abcam, UK) to extract total
protein. Proteins were separated on 10% SDS-PAGE gels and trans-
ferred to PVDF membranes (Millipore, UK). The membranes were
blocked with 5% nonfat milk for 2 h and incubated overnight at 4°C
with antibodies against ASS1 (PA5-18679, 1:1,000, Thermo Scien-
tific, USA), ARG1 (ab233548, 1:1,000, Abcam), Ki67 (ab16667,
1:1,000, Abcam), CASPASE3 (9,662, 1:1,000, CST, USA), COX2
(ab15191, 1:1,000, Abcam), PTGFR (PA5-110237, 1:1,000, Thermo
Scientific), CX43 (ab11370, 1:2,000, Abcam), OXTR (ab181077,
1:1,000, Abcam), NF-xB p65 (ab32536, 1:1,000, Abcam), NF-kB p-
p65 (ab76302, 1:1,000, Abcam), TUBULIN (ab7291, 1:1,000,
Abcam), and B-ACTIN (ab8226, 1:1,000, Abcam). Immunoreactive
bands were visualized using Peroxidase-AffiniPure Goat Anti-Mouse
IgG (115-035-020, 1:5,000, Jackson, USA) or Peroxidase-AffiniPure
Goat Anti-Rabbit IgG (111-035-045, 1:5,000, Jackson) and ECL solu-
tion (Thermo Scientific), and the bands were subsequently analyzed
using the Tanon 5,200 chemiluminescent imaging system. The
immunoblots were quantified using ImageJ software. Relative pro-
tein expression levels were normalized to the corresponding p-actin
or tubulin expression level as a loading control.

Immunohistochemistry

Fetal lung tissues were fixed in 4% paraformaldehyde for 24 h and
embedded in paraffin after dehydration. Sections (5 pm) were depar-
affinized, rehydrated, and boiled for 15 min in 10 mM citrate buffer
(pH 6). Nonspecific background staining was blocked by incubation
with 3% hydrogen peroxide (Sigma, USA) at room temperature for
25min in the dark. The sections were blocked in 3% bovine serum
albumin (BSA) for 30 min and then incubated at 4°C overnight with
primary antibody against ARG1 (ab233548, 1:50, Abcam), ASS1
(PAS5-18679, 1:150, Thermo Scientific), or PBS (negative control).
The following day, the sections were incubated with horseradish
peroxidase-conjugated secondary antibody (GK500705, GeneTech,
Shanghai, China) at room temperature for 40 min. The bound anti-
bodies were detected using one drop of DAB chromogenic agent to
1 ml of DAB buffer (GeneTech). Nuclei were counterstained using a
hematoxylin counterstain reagent (Servicebio, Wuhan, China). The
sections were then dehydrated and analyzed using a Nikon Digital
Sight DS-Fi2 microscope.

LC-MS and MRM analysis of amino acids

Twenty milligrams of fetal lung tissues were homogenized with
200 pl of water. Then, 800 pl methanol acetonitrile solution (1:1,
v/v) was added, and the samples were sonicated at 4°C for 30 min
twice. Proteins in the homogenates were precipitated at —20°C for 1
h. The homogenized samples were centrifuged at 4°C for 15 min,
and the supernatants were dried and stored at —80°C until analysis.

LC-MS analysis was performed using a UHPLC system (Waters I-
class, Waters, Germany) coupled to a triple quadruple mass
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spectrometer (AB 5500 QTRAP, AB SCIEX, USA) in multiple reaction
monitoring (MRM) mode. Samples were separated using a 2.1 mm X
100 mm ACQUIY UPLC BEH 1.7 pm column (Waters). Mobile phase
A was 25mM ammonium acetate and 25 mM ammonia in water
(pH 9.75), and mobile phase B was acetonitrile. The gradient elution
profile was t =1 min, 95% B; t=14 min, 65% B; t=18 min, 40% B;
t=18.1min, 95% B, and t =23 min, 95% B. The flow rate was 300 p
I/min, and the injection volume was 2 pl. The temperature of the
column was maintained at 40°C, and the autosampler was chilled
at 4°C. QC samples were injected after every six sample runs to
monitor the quality of the LC-MS. The MS conditions were set as
follows: sheath gas temperature, 350°C; dry gas temperature, 350°C;
sheath gas flow, 111/min; dry gas flow, 101/min; capillary voltage,
4,000V or —3,500V in positive or negative modes, respectively;
nozzle voltage, 500 V; and nebulizer pressure, 30 psi. Two hundred
metabolites, including amino acids, in the samples were monitored
in MRM mode. The dwell time for each MRM ion pair was 3 ms,
and the total cycle time was 1.263 s. MRM raw data were extracted
by MRM analyzer (R), and the analysis was conducted following a
previously described method (Cai et al, 2015). To investigate the
significance of the metabolites observed by LC-MS-MRM, KEGG
(Kyoto Encyclopedia of Genes and Genomes) pathway analysis was
performed.

A549 cell culture and treatment

A549 cells (lung adenocarcinoma cell line) were plated into 24-well
culture plates in a culture medium containing 10% FBS and 1%
penicillin—streptomycin under standard tissue culture conditions for
24 h. Then, the cells were incubated with L-arginine (Merck, A8094)
at a final concentration of 0.1 mg/ml for 24 h. A549 cells were col-
lected from each treatment with three biological replicates for
TUNEL assay (Beyotime, C1090).

Generation of AAV-shArgl and placental injection

The adeno-associated virus pAAV2/9-U6-GFP vector carrying either
the shRNA control sequence (TTCTCCGAACGTGTCACGT) or
shArgl sequence (GGAAGTGAACCCAACTCTTGG) was designed
and generated by Genomeditech (Shanghai, China).

Timed-pregnant C57BL/6J WT mice were anesthetized with
isoflurane via a precision vaporizer at 13.0 dpc. The fur covering
the abdominal region was shaved, and an incision was made to
expose the uterine horns. Each placenta in both uterine horns
was injected with 5pl of AAV-shArgl (5x10'* VG/ml) or AAV-2/
9 (control, 5x10'* VG/ml) particles using microsyringes (Gaoge
Tech Company, Shanghai); all placentas in the same female were
injected with the same particles. After the operation, uterine
horns were returned to the abdominal cavity, and the incision
was sutured. The mice were kept on a warming pad and returned
to their cages after recovery from the surgery. The mice were
allowed to deliver to analyze the parturition timing or sacrificed
at labor to harvest the fetal lungs, fetal livers, placentas, and
myometrium. To precisely determine the time to labor, since
18.5dpc, the mouse cage was monitored every half hour from
7:00am to 12:00pm and every hour from 12:00 pm to 6:00 am,
and the delivery of the first pup was documented as the time to
labor.
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Preparation of frozen sections

To verify whether the AAV successfully infected the tissues, samples
were fixed in 4% paraformaldehyde for 24 h and dehydrated in 30%
sucrose solution overnight. Then, the samples were snap-frozen in
optimal cutting temperature compound and sectioned at 5 pm. The
slides were incubated at 37°C for 15 min and subsequently photo-
graphed using a Nikon Eclipse Ti fluorescence microscope to
observe GFP expression.

Immunofluorescence

Fetal lung sections were prepared as mentioned above. After depar-
affinization and rehydration, antigen retrieval was performed by
boiling in 10 mM citrate buffer (pH 6). The slides were blocked in
BSA for 30 min and stained with Ki67 antibody (ab16667, 1:500,
Abcam) at 4°C overnight. The next day, Cy3 AffiniPure goat anti-
rabbit I1gG (K1034G-Cy3, 1:300, Servicebio) was added to the slides
and incubated at room temperature for 40 min.

In multiplex fluorescent immunohistochemistry, all the steps
were the same as described above until the primary antibody was
added. The slides were incubated with primary antibodies against
ARG1 (16001-1-AP, 1:500, Proteintech, USA) or ASS1 (PA5-18679,
1:150, Thermo Scientific), followed by the application of the Cy3
AffiniPure Goat Anti-Rabbit IgG (K1034G-Cy3, 1:300, Servicebio)
secondary antibody. After pipetting 100 ul TSA-Cy3 working solu-
tion from the TSA Fluorescence Palette Kit (Servicebio) onto the
slides to amplify the signal, the slides were again boiled in citrate
buffer to strip the primary/secondary antibody complexes and were
ready for labeling of LPCAT1 antibody (16112-1-AP, 1:300, Protein-
tech) and PDPN antibody (ab11936, 1:200, Abcam). Cy5 AffiniPure
Goat Anti-Rabbit IgG (K0034G-CyS5, 1:300, Servicebio) or Goat Anti-
Syrian Hamster IgG H&L (ab180063, 1:500, Abcam) was added to
slides as a secondary antibody. Then, 100 pl TSA-Cy5 working solu-
tion was added to the slides. Nuclear DNA was labeled with DAPI,
and the slides were mounted with Fluoromount. The stained slides
were analyzed using a Nikon Eclipse Ti fluorescence microscope.

TUNEL assay

Paraffin-embedded fetal lung sections were deparaffinized, rehy-
drated, and incubated with proteinase K at 37°C for 20 min to
retrieve the antigens. The cell membrane was permeabilized with
Triton X-100. Apoptotic fetal lung epithelial cells were observed
with TUNEL staining (red signals) according to the manufacturer’s
instructions. For multiplex fluorescent immunohistochemistry, the
slides were labeled with LPCAT1 antibody (16112-1-AP, 1:300,
Proteintech) or PDPN antibody (ab11936, 1:200, Abcam). Cy5 Affi-
niPure Goat Anti-Rabbit IgG (GB27301, 1:300, Servicebio) or Goat
Anti-Syrian Hamster IgG H&L (ab180063, 1:500, Abcam) was added
to slides as a secondary antibody. Then, 100 pl TSA-Cy5 working
solution was added to the slides. To determine the number of
nuclei, the slides were incubated with DAPI for 10 min at 37°C in
the dark and washed with PBS (pH 7.4) three times for 5 min each.
Then, the slides were mounted with antifade Fluoromount. Images
were obtained using a Nikon Eclipse Ti fluorescence microscope.
Quantitative analysis of the TUNEL fluorescence intensity was
performed with ImageJ software. Three random fields of view
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occupied by the fetal lung in each image were defined manually,
and the mean fluorescence intensity of the signal within these areas
was measured.

Collagen matrix contractility assay

Immortalized hTERT human myometrial smooth muscle cells
(hTERT-HMSMCs) were generated from primary culture of human
myometrial cells infected with expression vectors containing the
human telomerase reverse transcriptase (hTERT), according to the
previous publication (Condon et al, 2002). hTERT-HMSMCs were
combined with type I rat tail collagen solution (3 mg/ml, catalog no.
356236; BD Biosciences, USA) to achieve a density of 1 X 10° cells
per gel with a final collagen concentration of 1.0 mg/ml. The colla-
gen gel-cell suspensions were pipetted into wells of a 24-well culture
plate immediately after NaOH (3 pl/gel) was added and incubated
for 30 min at room temperature to allow polymerization. One millili-
ter of fresh DMEM, either not supplemented (control) or supple-
mented with L-arginine (0.1 mg/ml) or ornithine (0.1 mg/ml), was
added over the cell-collagen matrix. The gel was then detached from
its mold by gently running a 10 pl pipet tip around the gel edges.
Images of the floating gels were captured at 24 h after treatment,
and the area of each gel was measured using ImageJ software.

ChIP-gPCR

Fetal lung tissues isolated from WT and Src-1/-2 dKO fetuses at 18.5
dpc were finely minced and immediately incubated in 1% formalde-
hyde for 15min at room temperature. The pelleted tissues were
washed, resuspended in SDS lysis buffer supplemented with a prote-
ase inhibitor cocktail, and then sonicated. Sheared chromatin was
diluted in ChIP dilution buffer with Dynabeads™ Protein G (Milli-
pore, CS200638) and incubated with anti-GR (Cell Signaling, Cat
No. 12041, USA), anti-SRC-1 (Bethyl Laboratories, A300-344A,
USA), anti-SRC-2 (Bethyl Laboratories, A300-346A), anti-C/EBP f
(Abcam, ab32358), or mouse IgG (Millipore, 12-371B) antibodies at
4°C overnight. The beads were washed following the manufacturer’s
instructions (Millipore, 17-20000). Crosslinking was reversed by
incubation with ChIP Elution Buffer/Prok at 62°C for 2 h with shak-
ing. DNA was then extracted from the samples using phenol/chloro-
form. RT-qPCR was performed using primer pairs (listed in
Table EV1) to amplify putative binding sites of GR and C/EBPp in
the promoter of Argl at —82 and —31 upstream to transcriptional
starting site, respectively. The primers were designed carefully to
make sure that each primer pair only pick up one specific binding
site and avoid the nonspecific amplification of the adjacent binding
site. The fold binding is calculated with the expression of GRE- or
C/EBP-binding site from the chromatin DNA immunoprecipitated
with specific antibody versus the expression of GRE- or C/EBP-
binding site from the chromatin DNA immunoprecipitated with IgG.

Statistics

No statistical methods were used to predetermine sample size, and
the investigators were not blinded to outcome assessment. All the
statistical analyses were performed with Graphpad Prism software.
Normality test was performed on all data, and one-way ANOVA
followed by Tukey’s multiple-comparison test or unpaired Student’s
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test was employed if the data follow normal distribution; if the data
did not follow normal distribution, we used nonparametric methods
(Kruskal-Wallis test or Mann-Whitney test) to analyze the data.
Unless otherwise stated, all the data are shown as the mean + s.e.m.
P < 0.05 was considered statistically significant.

Data availability

The datasets produced in this study are available in the following
databases:

RNA-Seq Data: Figshare.
figshare.22589926.v3.
Targeted Metabolomics Data: Figshare. Dataset. https://doi.org/10.
6084/m9.figshare.22587187.v5.

Dataset. https://doi.org/10.6084/m9.

Expanded View for this article is available online.
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