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The precise mechanisms that lead to parturition are incompletely defined. Surfactant protein-A (SP-A), which is secreted
by fetal lungs into amniotic fluid (AF) near term, likely provides a signal for parturition; however, SP-A—deficient mice have
only a relatively modest delay (~12 hours) in parturition, suggesting additional factors. Here, we evaluated the
contribution of steroid receptor coactivators 1 and 2 (SRC-1 and SRC-2), which upregulate SP-A transcription, to the
parturition process. As mice lacking both SRC-1 and SRC-2 die at birth due to respiratory distress, we crossed double-
heterozygous males and females. Parturition was severely delayed (~38 hours) in heterozygous dams harboring SRC-1/-
2—deficient embryos. These mothers exhibited decreased myometrial NF-kB activation, PGF»x, and expression of
contraction-associated genes; impaired luteolysis; and elevated circulating progesterone. These manifestations also
occurred in WT females bearing SRC-1/-2 double-deficient embryos, indicating that a fetal-specific defect delayed labor.
SP-A, as well as the enzyme lysophosphatidylcholine acyltransferase-1 (LPCAT1), required for synthesis of surfactant
dipalmitoylphosphatidylcholine, and the proinflammatory glycerophospholipid platelet-activating factor (PAF) were
markedly reduced in SRC-1/-2—deficient fetal lungs near term. Injection of PAF or SP-A into AF at 17.5 days post coitum
enhanced uterine NF-kB activation and contractile gene expression, promoted luteolysis, and rescued delayed parturition
in SRC-1/-2—deficient embryo-bearing dams. These findings reveal that fetal lungs produce signals to initiate labor when
mature and that SRC-1/-2—dependent production of SP-A and [...]
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production of SP-A and PAF is crucial for this process.

Introduction

Preterm birth is aleading cause of neonatal morbidity and mortality
worldwide (1-4). Globally, approximately 15 million babies are born
prematurely each year (1) and approximately 1.1 million babies die
annually from complications of prematurity (4). The initiation of
labor, both at term and preterm, is associated with an upregulated
inflammatory response, exemplified by increased proinflammatory
cytokines in amniotic fluid (AF) (5); infiltration of myometrium,
cervix, and fetal membranes by neutrophils and macrophages
(6-8); and a decline in progesterone (P,) receptor (PR) function. In
preterm labor, intraamniotic (i.a.) infection likely provides a prom-
inent stimulus for increased AF cytokines and inflammatory cell
migration (9, 10). However, the precise signals for the inflammatory
response leading to labor at term remain unclear (11).

Parturition timing in all species appears to be mediated by sig-
nals from both mother and fetus (11). Near term, increased uter-
ine stretch (12, 13) and factors produced by the developing fetus
(6, 14-16) may provide inflammatory stimuli. Previously, we (6)
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The precise mechanisms that lead to parturition are incompletely defined. Surfactant protein-A (SP-A), which is secreted
by fetal lungs into amniotic fluid (AF) near term, likely provides a signal for parturition; however, SP-A-deficient mice have
only a relatively modest delay (~12 hours) in parturition, suggesting additional factors. Here, we evaluated the contribution
of steroid receptor coactivators 1and 2 (SRC-1and SRC-2), which upregulate SP-A transcription, to the parturition process.
As mice lacking both SRC-1and SRC-2 die at birth due to respiratory distress, we crossed double-heterozygous males

and females. Parturition was severely delayed (~38 hours) in heterozygous dams harboring SRC-1/-2-deficient embryos.
These mothers exhibited decreased myometrial NF-kB activation, PGF 0, and expression of contraction-associated genes;
impaired luteolysis; and elevated circulating progesterone. These manifestations also occurred in WT females bearing
SRC-1/-2 double-deficient embryos, indicating that a fetal-specific defect delayed labor. SP-A, as well as the enzyme
lysophosphatidylcholine acyltransferase-1 (LPCAT1), required for synthesis of surfactant dipalmitoylphosphatidylcholine,
and the proinflammatory glycerophospholipid platelet-activating factor (PAF) were markedly reduced in SRC-1/-2-deficient
fetal lungs near term. Injection of PAF or SP-A into AF at 17.5 days post coitum enhanced uterine NF-kB activation and
contractile gene expression, promoted luteolysis, and rescued delayed parturition in SRC-1/-2-deficient embryo-bearing
dams. These findings reveal that fetal lungs produce signals to initiate labor when mature and that SRC-1/-2-dependent

and others (17) suggested that the fetus may provide a signal via
pulmonary surfactant, a developmentally regulated, glycerophos-
pholipid-rich lipoprotein produced by pulmonary alveolar type II
cells and secreted into AF in increased amounts during late gesta-
tion (11). Surfactant, which reduces surface tension within the lung
alveoli after birth, is essential for air breathing. Thus, infants born
prematurely are at risk of developing respiratory distress syndrome
because of surfactant deficiency. We further suggested that the
major surfactant protein, surfactant protein-A (SP-A), a C-type lec-
tin also secreted by the fetal lungs into AF near term, could serve as
ahormonal signal for parturition (6). SP-A stimulated IL-1pB expres-
sion in cultured AF macrophages, and i.a. injection of SP-A caused
preterm delivery of fetuses within 6 to 24 hours (6). In mice, tar-
geted deletion of the genes encoding SP-A and the related C-type
lectin, SP-D, caused a modest but significant parturition delay
and prevented induction of “contractile” genes, oxytocin receptor
(Oxtr) and connexin-43 (Cx43, also known as gap junction protein
1 [Gjal]), in myometrium (15). While these findings were compel-
ling, both parents were double KO (dKO) for SP-A and SP-D. Thus,
arole for fetal signaling was not definitively proven. Moreover, the
parturition delay was observed only in the second or subsequent
pregnancies, suggesting a requirement for other signals.

Our previous studies revealed that a 300-bp region upstream
of the SP-A gene mediates its developmental, tissue-specific, and



The Journal of Clinical Investigation

hormonal regulation of expression (18, 19). Steroid receptor coac-
tivators 1 and 2, SRC-1 and SRC-2, serve important roles in tran-
scriptional upregulation of SP-A gene expression in fetal lung type
I cells (20, 21). Endogenous SRC-1in human fetal lung (HFL) type
IT cells was recruited with thyroid transcription factor-1 (TTF-1,
also known as Nkx2.1) and NF-«B to the hSP-A promoter upon
CcAMP and IL-1 stimulation of SP-A expression (21, 22). cAMP
also enhanced estrogen-related receptor a (ERRa) transcriptional
activity at the SP-A promoter by increasing its interaction with pro-
tein kinase A and SRC-2 (20).

SRCs belong to the pl60 coactivator family, comprised of
three homologous members: SRC-1 (also known as ERAP140,
ERAP160, and NCOAL1), SRC-2 (also known as TIF-2, GRIP-1, and
NCOA?2), and SRC-3 (also known as p/CIP, RAC3, AIB1, TRAM-1,
and ACTR). Although they do not directly bind to DNA, coactiva-
tors can robustly increase the transcriptional activities of nuclear
receptors and other transcription factors by bridging them to
factors bound to other response elements and to the basal tran-
scription machinery and by recruiting other coregulators (23, 24).
Through recruitment of coregulators causing posttranslational
modification of histones, they can alter chromatin structure,
resulting in transcriptional activation or repression (25).

Studies using KO mice indicate that, although structurally
similar, each SRC family member has specific physiological func-
tions (24). For example, although SRC-17~ mice are fertile, female
mice manifest reduced estrogen-stimulated uterine growth and
decreased P,-dependent uterine decidual response (26). Male
SRC-27- mice are infertile due to defects in spermatogenesis
(27), while female SRC-27 mice display placental hypoplasia and
hypofertility (28). In light of our previous findings that SRC-1 and
SRC-2 serve roles in the regulation of SP-A gene expression, we
were intrigued by the finding that mice lacking both SRC-I and
SRC-2 (SRC-17- SRC-27/- mice, herein referred to as SRC-1/-2 dKO
mice) died at birth of respiratory distress (29), suggesting a defi-
ciency of pulmonary surfactant production.

To investigate the molecular basis for effects of SRC-1 and
SRC-2 on surfactant synthesis by the fetal lung, we analyzed SRC-
1 and SRC-2 double-deficient mice. Unexpectedly, we uncovered
a pathway that we believe to be novel by which SRC-1 and SRC-2
coordinately control pregnancy length and the initiation of labor
through their impact on production of surfactant lipid and pro-
teins by the fetal lung.

Results

SRC-1/SRC-2 double deficiency in mice results in delayed labor. To
define the phenotypic consequences of deficiency in SRC-1 and
SRC-2, we crossed male and female mice that were double het-
erozygous for SRC-1 and SRC-2 (SRC-1~ SRC-2*~ mice, herein
referred to as SRC-1/-2 dhet mice). To ensure that parturition tim-
ing was analyzed in mice of the same physiological status, only
data from first pregnancies were included. Surprisingly, out of 49
SRC-1/-2 dhet crosses, only 8 mice delivered at term (19.5 days post
coitum [dpc]). The majority of the pregnant mice (~84%) deliv-
ered 1 to 2 days late or had to be sacrificed at 22.5 dpc because of
a failure to deliver spontaneously (Figure 1A). Thus, a pronounced
and statistically significant delay in the time to parturition was
observed in SRC-1/-2 dhet females bred to genotypically matched
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males (20.89 + 0.13 dpc; n = 49) (P < 0.001) compared with that
in their WT C57BL/6 (B6) counterparts (19.42 + 0.08; n = 13) (Fig-
ure 1B). Notably, when bred to genotypically matched males, no
difference in the time to labor was evident among SRC-17 (19.44
* 0.07 dpc; n = 16) or SRC-2*/~ (19.50 * 0.0 dpc; n = 10) females,
compared with that in WT B6 controls (Figure 1B). More interest-
ingly, a similar significant delay in parturition timing was observed
in WT female mice bred to SRC-17~ SRC-2*/- (herein referred to as
1-KO/2-het) male mice (20.94 + 0.22 dpc; n = 25) (P < 0.001) com-
pared with that in WT B6 mice (Figure 1B), suggesting that the
defect causing the delay in labor initiation is fetal in origin.

To assess whether the observed delays in parturition were
associated with defects in fecundity, we compared litter size
among WT female mice bred to 1-KO/2-het or to WT male mice
and SRC-1/-2 dhet female mice bred to SRC-1/-2 dhet male
mice during first pregnancies. We found the average litter size
across all genotypes to be similar (Supplemental Table 1; supple-
mental material available online with this article; doi:10.1172/
JC178544DS1). Notably, SRC-1/-2 dhet females bred to genotyp-
ically matched males or WT females bred to 1-KO/2-het males
manifested a similar delayed labor during second and subsequent
pregnancies (Supplemental Table 2).

The litters generated from SRC-1/-2 dhet female mice bred to
SRC-1/-2 dhet male mice are expected to be comprised of 9 possi-
ble genotypes according to Mendelian law (Figure 1A). Upon geno-
typing all of the fetuses in each litter, we plotted the proportion
of SRC-1 SRC-2 double-deficient pups (which included SRC-1/-2
dhet, SRC-1/-2 dKO, 1-KO/2-het, SRC-1 SRC-27~ pups [herein
referred to as 1-het/2-KO pups]) for each of the crosses relative
to gestational length. A strongly positive correlation was found
between the proportion of SRC-I SRC-2 double-deficient pups in
corresponding litters and the timing of parturition (Figure 1C).

SP-A synthesis and secretion are impaired in fetal lungs of SRC-
1/-2-deficient mice. In light of the evidence that the delayed-labor
phenotype was caused by an alteration in signals produced by SRC-
1/-2-deficient fetuses, as well as our previous findings that SRC-1
and SRC-2 are important for transcriptional regulation of SP-A in
fetal lung type II cells (20, 21), we analyzed the SP-A mRNA and
protein expression in fetal lungs and secretion of SP-A protein into
AF. Notably, SP-A mRNA and protein in lungs of SRC-1/-2 dou-
ble-deficient fetuses were significantly decreased compared with
those of WT fetuses and with those of fetuses that were singly defi-
cient in SRC-1 or SRC-2 (Figure 1, D and E). Moreover, SP-A pro-
tein in AF of SRC-1/-2 double-deficient fetuses also was dramati-
cally decreased compared with that of WT fetuses and with that of
fetuses that were singly deficient for either coactivator (Figure 1F).

To determine whether other surfactant proteins were affected
by SRC-1/-2 deficiency, we analyzed expression of SP-D, a C-type
lectin structurally similar to SP-A, as well as the hydrophobic sur-
factant protein, SP-B, which is essential for air breathing (30, 31).
Expression of these two surfactant proteins was unaffected in lung
tissues of SRC-1/-2 double-deficient fetal mice (Supplemental Fig-
ure 1, A and B). Additionally, the ATP-binding cassette, subfamily
A, member 3 (ABCA3), an essential transporter that mediates sur-
factant lipoprotein trafficking and lamellar body biogenesis (32,
33), showed only modest, nonsignificant changes in lungs of SRC-
1/-2 double-deficient fetuses (Supplemental Figure 1C).
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Figure 1. Delayed parturition in SRC-1/-2 dhet female x SRC-1/-2 dhet male and WT female = 1-KO/2-het male is associated with reduced SP-A expression
in lungs of SRC-1/-2 double-deficient fetuses. (A) Genotypes resulting from crosses of SRC-1/2 dhet females x SRC-1/2 dhet males and gestation length of
pregnancies resulting from these double heterozygous crosses. (B) Gestation length of WT females x WT males (n = 13), SRC-17/- females x SRC-1/-

males (n = 16), SRC-2*/- females x SRC-2*- males (n = 10), SRC-1/-2 dhet females x SRC-1/-2 dhet males (n = 49), and WT females x 1-K0/2-het males

(n = 25). (C) Gestation length of SRC-1/-2 dhet females x SRC-1/-2 dhet males is positively correlated with proportion of SRC-1 SRC-2 double-deficient pups.
(D) SP-A mRNA in lungs of WT (n = 4), SRC-1/-2 dhet (dhet; n =14), SRC-1/-2 dKO (dKO; n = 3), 1-KO/2-het (KO/het; n = 6), SRC-1 het/SRC-2 KO (het/KO;
n=6), SRC-1KO/SRC-2 WT (KO/WT; n = 3), SRC-1 het/SRC-2 WT (het/WT; n = 13), and SRC-1 WT/SRC-2 het (WT/het; n = 4) fetuses at 18.5 dpc from mat-
ings of SRC-1/-2 dhet females x SRC-1/-2 dhet males. (E) SP-A protein in 18.5 dpc fetal lung from SRC-1/-2 dhet females x SRC-1/-2 dhet males. Represen-
tative immunoblot of SP-A protein according to genotype, and data from scans of SP-A immunoblots normalized to B-actin for WT (n = 6), SRC-1/-2 dhet
(n =6), and SRC-1/-2 dKO (n = 4) fetuses. (F) SP-A protein in AF surrounding WT and SRC-1/-2-deficient fetuses. In the representative immunoblot, the
first 3 lanes were run on same gel but were noncontiguous with the remaining 5 lanes (divided by the black line). Combined data from scans of immuno-
blots of SP-A in AF surrounding WT (n = 5), dhet (n = 14), dKO (n = 3), KO/het (n = 6), het/KO (n = 6), KO/WT (n = 3), het/WT (n = 13), and WT/het (n = 4)
fetuses. Data are mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001 (ANOVA).
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To confirm the KO efficiencies of SRC-1and SRC-2 in fetal lungs,
we performed real-time PCR and found that SRC-1 and SRC-2mRNA
were essentially undetectable in SRC-I KO fetal lungs and SRC-2
KO fetal lungs, respectively. Neither was detected in SRC-1/-2 dKO
fetal lungs. Interestingly, SRC-I mRNA expression was markedly and
significantly increased in fetal lungs of SRC-2 KO mice, while SRC-
2 mRNA was significantly increased in fetal lungs of SRC-I KO mice
(Supplemental Figure 1, D and E, respectively), suggesting that SRC-1
and SRC-2 are upregulated in a compensatory manner in vivo.

NF-«B activation is decreased in myometrium of WT or SRC-1/-2-
deficient females bred to SRC-1/-2-deficient males. We previously
suggested that the developmental increase in SP-A expression
in mouse fetal lung and its secretion into the AF after 17 dpc can
activate AF macrophages via binding to TLR2. The activated mac-
rophages, in turn, may transit to the maternal uterus, resulting in
increased cytokine production and myometrial NF-kB activation

jci.org  Volume 125 Number7  July 2015

(6, 15). To determine whether a deficiency of SRC-1/-2 affected
the activation of inflammatory signaling pathways, the proinflam-
matory transcription factors, NF-kB p65 and p50, were analyzed
in myometrial cytoplasmic and nuclear fractions by immuno-
blotting. Notably, nuclear levels of NF-kB p65 and p50 proteins
were greatly reduced in myometrial tissues of SRC-1/-2 dhet or
WT females bred to SRC-1/-2 double-deficient males relative to
WT crosses at 18.5 dpc, in association with a coordinate increase
in cytoplasmic levels of these proteins (Figure 2, A and B). These
findings suggest that inflammatory stimuli promoting nuclear
translocation and activation of NF-kB were impaired in the preg-
nant uterus near term, in association with the decrease in SP-A
expression and secretion in SRC-1/-2-deficient fetal mice.
Expression of contractile genes is decreased in myometrium of
WT or SRC-1/-2-deficient females bred to SRC-1/-2-deficient males.
The contractile genes Cx43, Oxtr, and cyclooxygenase 2 (Cox2,



The Journal of Clinical Investigation

A WIF
WTFxWTM KOMmet M dhet F x dhet M
PES—> - - — Sl e A -

Nuc

HE3 o v o o e o o= o o o - - - o o

PES— e = = = - - - -

Cyto
GAPDH en e av e v a» a» e o= =y == = = =

1.57 Nuclear/cyto p65
2E
D @
c®
25
€ & 101
23
25
23 0s >
&2
[}
(S *kk

0.04

WTF WTF dhet F

x x x
WTM 1-KO/2-het M dhet M

C
1.5+ Cx43 mRNA
c
ke
7]
w
£ 1.0
x
@
E *%
g 0.5 *kk
S
>
[ 6]
0.0+
WTF WTF dhet F
x x x
WT M 1-KO/2-het M dhet M
E
1.5+ Oxtr mMBNA
c
2
7]
]
L 1.0
(=%
x *
=+ *k
o
» 0.54
=
=
o}
0.0
WTF WTF dhet F
x x x
WTM 1-KO/2-het M dhet M

RESEARCH ARTICLE

B WTF
x
WTFxWTM KO/het M dhet F x dhet M
50 > e - - — -
P Nuc
HI = — == = == = — = = = o oo e =
50— e
P Cyto
GAPDH = = o> a» v - - @ o o -
157 Nuclear/cyto p50
2€
e
€ é 1.0
g2
o8
2o %97
&2
[++]
o £ *k *k
0.0- . -
WTF WTF dhet F
x x x
WTM  1-KO2-hetM  dhetM
WTF
x
D WTF xWTM KO/het M dhet F x dhet M
CMi~ o) — e e = — — — - —
P-ACtin- R s v w e e e e
15 CX43 protein
c
o
(7]
w
o
o 1.04
>
Li+]
£ .
§ o
& O
§ ek
=
(&]
WTF WTF dhet F
x x x
WT M 1-KO/2-het M dhet M
WTF
x
F WT F x WT M KO/het M dhet F x dhet M
OXTR —» - e - - — = == —_- Pp—

[(-ACtin-—> B = = op or o P oo . G O @ GPGE

1.5 OXTR protein
c
o
w
w
@
e
O 1.0
=
L)
k=
% *k
L 099 *%
3
c
-
x
O 4.0l
WTF WTF dhet F
* x x
WT M 1-KO/2-het M dhet M

Figure 2. NF-kB activation and contraction-associated protein gene expression are decreased in 18.5 dpc pregnant myometrium of SRC-1/-2 dhet
females x SRC-1/-2 dhet males and WT females x 1-K0/2-het males, compared with WT females x WT males. (A and B) Nuclear translocation of (A)
NF-kB p65 and (B) p50 in myometrium. Representative immunoblots of p65 and p50 protein in nuclear (Nuc) or cytoplasmic (Cyto) fractions. The same
immunoblots of histone H3 and GAPDH are shown for nuclear and cytoplasmic proteins, respectively, since p65 and p50 were probed on the same respec-
tive blots. Combined data from densitometric scans of nuclear immunoblots for p65 and p50 relative to cytoplasmic immunoblots, normalized to internal
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were normalized to B-actin. Data are mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001 (ANOVA).
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also known as prostaglandin-endoperoxide synthase 2 [Ptgs2]),
the critical enzyme in synthesis of contractile prostaglandins,
which promote transformation of the myometrium from a quies-
cent state to a contractile unit, are known targets of NF-«xB (34,
35). To determine the direct cause of delayed initiation of myo-
metrial contraction in SRC-1/-2-deficient mice, the expression
of these contractile genes in myometrium was analyzed. mRNA
and protein levels of both CX43 and OXTR were significantly
decreased in myometrium of SRC-1/-2 dhet or WT females bred
to 1-KO/2-het males compared with those in WT crosses (Figure 2,
C-F), whereas no significant differences in Cox2 mRNA or protein
levels were detected among these groups of mice (Supplemental
Figure 2, A and B). Interestingly, expression of the prostaglandin
F o-specific (PGF,0-specific) synthase, AKR1B3, was dramatically
decreased, while that of the PGF a-metabolizing enzyme, pros-
taglandin dehydrogenase (PGDH), was significantly increased
in 18.5-dpc myometrium of SRC-1/-2 dhet females bred to genet-
ically matched males or WT females bred to 1-KO/2-het males
(Figure 3, A-D). These changes were associated with a significant
decrease in myometrial PGF o levels (Figure 3E).

Pregnant SRC-1/-2-deficient or WT females bred to SRC-1/-2-
deficient males manifest delayed luteolysis, evidenced by increased
ovarian StAR expression and serum P, levels at term. In a number
of mammalian species, uterus-derived PGF,a plays an impor-
tant role in controlling luteolysis (36). In late gestation, activa-
tion of inflammatory response pathways leads to upregulation
of uterine PGF,o, which then circulates to the ovary, in which
it binds to PGF,o receptors to initiate corpus luteum regression
(36, 37). In rodents, P, production by the ovarian corpus luteum
is maintained at high levels throughout pregnancy and dimin-
ishes near term, due to luteolysis. Increased P, production is
maintained, in part, by steroidogenic acute regulatory protein
(StAR), which facilitates translocation of cholesterol from the
outer to the inner mitochondrial membrane, in which choles-
terol is metabolized to pregnenolone by cholesterol side-chain
cleavage (P450scc) (38, 39), the rate-determining step in steroi-
dogenesis. StAR expression declines in the corpus luteum near
term, with an associated fall in P, production (36). In this study,
we found that circulating P, levels (Figure 3F) and ovarian StAR
protein expression (Figure 3G) failed to decrease in SRC-1/-2
dhet or WT females bred to SRC-1/-2 dhet or 1-KO/2-het males,
respectively. Using immunohistochemical analysis, we found
prolonged StAR expression in the corpus luteum of the SRC-1/-2
dhet females bred to SRC-1/-2 dhet males (Figure 3H). This was
clearly in contrast to WT mice, in which a pronounced decline
in StAR expression occurred in late gestation (Figure 3H). Inter-
estingly, Star mRNA expression was not significantly altered in
ovaries of WT or SRC-1/-2 dhet females bred to SRC-1/-2 dhet or
1-KO/2-het males as compared with that of WT females bred to
WT males near term (Supplemental Figure 3A). Similarly, PGF,a
was found to reduce StAR protein, but not mRNA, levels in rat
luteal cells (40), suggesting posttranscriptional regulation. We
also analyzed myometrial expression of the P,-metabolizing
enzyme 200-hydroxysteroid dehydrogenase (200-HSD), which
increases in myometrium near term (41), but failed to observe
significant changes in its protein levels with SRC-1/-2 deficiency
(Supplemental Figure 3C). Moreover, we correlated the degree
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of SRC-1/-2 double deficiency (by the proportion of SRC-1/-2
double-deficient fetuses in each litter) with circulating levels of
maternal P, (as a measure of luteolysis) and found a strong pos-
itive correlation between P, levels and the degree of SRC-1/-2
double deficiency (Supplemental Figure 3D). These collective
findings suggest that fetal SRC-1/SRC-2 deficiency inhibits a
cascade of signals that promote increased PGF,a production in
the uterus and luteolysis at term. This results in maintenance
of elevated circulating maternal P, in SRC-1/-2-deficient mice,
which likely contributes to the delay in parturition.

LPCATI expression and synthesis of platelet-activating factor
are reduced in lungs of SRC-1/-2-deficient fetuses. As mentioned,
targeted deletion of the genes encoding SP-A and SP-D in mice
also caused a significant delay in parturition (14.4 * 4.3 hours)
(15). However, WT females bred to 1-KO/2-het males manifested
a much more striking delay in parturition (38.4 * 1.0 hours) (Sup-
plemental Figure 4), suggesting the potential roles of fetal signals
other than SP-A and SP-D in the timing of labor. Indeed, the delay
in parturition in the SRC-1/-2 double-deficient mice may have
been underestimated, since those pregnant mice that failed to
deliver by 22.5 dpc were sacrificed. These differences in gestation
length suggest the role(s) of fetal factors other than surfactant pro-
teins in parturition timing.

Previously, it was observed that SRC-1/SRC-2 dKO fetuses
died at birth of apparent respiratory distress. The lungs of
these fetuses manifested alveolar collapse (29), possibly due to
impaired surfactant glycerophospholipid synthesis. To determine
the enzyme(s) in the surfactant glycerophospholipid pathway that
may be affected by the combined deficiency in SRC-1 and SRC-2,
we analyzed expression of those enzymes catalyzing the key met-
abolic reactions. These included CTP:phosphocholine cytidylyl-
transferase a (CCTa), which catalyzes the condensation of CTP
and phosphocholine to form CDP-choline; cholinephosphotrans-
ferase I (CHPT1), which catalyzes the reaction of CDP-choline
and diacylglycerol to form phosphatidylcholine; and lysophos-
phatidylcholine acyltransferase-1 (LPCAT1), a key enzyme in
surfactant phosphatidylcholine remodeling to form dipalmitoyl-
phosphatidylcholine (DPPC), the major surface-active compo-
nent of surfactant (42-44). Notably, neither CCTa nor CHPT1
manifested significant changes in expression in lungs of SRC-1/-2
double-deficient fetuses compared with WT fetuses (Supplemen-
tal Figure 5, A and B). By contrast, Lpcat] mRNA and protein lev-
els were markedly increased in WT fetal lungs at 18.5 dpc, com-
pared with 15.5 dpc; however, this developmental increase failed
to occur in lungs of SRC-1/-2 double-deficient fetuses (Figure 4,
A and B). This developmental induction of LPCAT1 in WT mice
was consistent with a previous report indicating that LPCAT1 was
developmentally regulated in the fetal lung and expressed specif-
ically in type II cells (43). Intriguingly, we observed that expres-
sion of Lpcat] mRNA and protein was significantly decreased in
lungs of SRC-1/-2 double-deficient fetuses compared with that of
WT fetuses (Figure 4, C and D). By using liquid chromatography
mass spectrometry (LC-MS), we observed that DPPC concentra-
tions were dramatically decreased in AF surrounding SRC-1/-2
dhet and SRC-1/-2 dKO fetuses at 18.5 dpc (3.54 + 1.68 ng/pl and
2.70 + 0.67 ng/pl, respectively, P < 0.0001), compared with WT
fetuses (9.05 + 1.80 ng/pl), while DPPC levels in AF surrounding



The Journal of C

linical Investigation

RESEARCH ARTICLE

WTF Figure 3. SRC-1/-2 dhet or WT females
A B WT F x WT M KOMetM  dhetF x dhetM bred to dhet or 1-KO/2-het males,
AKRIB3~ « «p @GP @P &> — v «» — @» —= — — == respectively, manifest decreased myo-
p-Actin— metrial PGF,a synthesis and delayed
W - S ovarian luteolysis. (A) Akr1b3 mRNA
g 209 Akr1b3 mRNA 15 AKR1BS3 protein and (B) protein in myometrium from
g WT females x WT males (n =5), WT
O 454 £ females x 1-KO/2-het males (n = 4),
E % 5 1.0 and dhet females x dhet males (n = 5).
5 1.04 g % * Immunoblots and densitometric scans
E% o ; os " normalized to B-actin are shown. (C)
& 05 E o PGDH mRNA and (D) protein in myo-
g < metrium of WT females x WT males
iq':‘ 0.04 0.0 (n =5), WT females x 1-KO/2-het
WTF WTF dnet WIF WIF dnet F males (n = 4), and dhet females x
WTM  1-KO/2-hetM  dhetM WTM  1-KO/2-hetM  dhetM dhet males (n = 5). Immunoblots and
densitometric scans normalized to
WTE B-actin are shown. (E) PGF,a levels in
c D WTExWT M Kon:ew dhet F x dhet M myometrial homogenates normalized
) - . to protein for WT females x WT males
PGDH- = —~ =  ~meowewowe@ == (n =12), WT females x 1-KO/2-het
B-Actin -+ WA PWPWPWRPRY  M2/es (7= 8) and dhet females x dhet
PGDH mRNA ) males (n = 15). In the box-and-whisker
5 3 *k 34 PGDH protein plot, horizontal bars indicate the
@ . i medians, boxes indicate 25th to 75th
g £ - percentiles, and whiskers indicate 10th
] & 3 % 21 and 90th percentiles. (F) Maternal
& % @ serum P,, measured by ELISA for
% 14 o %4 WT females x WT males (n=12), WT
I E @ females x 1-KO/2-het males (n = 8),
{% and dhet females x dhet males
a ol o (n =14). (G) StAR protein in ovaries.
WIF WIF dh?': WIF WIF dhi“: Representative immunoblot of StAR,
WTM  1-KO/2-hetM  dhet M WTM  1-KO2-hetM  dhetM and densitometric scans of StAR
immunoblots normalized to B-actin
E . . F . n =8 per group). (H) At17 and 19
= 150 PGF,o in myometrium B 15[,Pr()gesterone in maternal blood Ejpc, StpARgimmp:nEJs)taining in corpus
Ko g P=0.0141 luteum of SRC-1/-2 dhet females
g_ 1T o ‘E‘ . x SRC-1/-2 dhet males (dhet) was
o 100 E "E‘a 100 P= 0;0403 more intense than that of WT. Three
“g - c g . independent experiments conducted.
;’ 50 - dekk % 5 50 " i Original magnification, x200. Data are
w — ; 39 o | —— = mean + SEM. *P < 0.05, **P < 0.01,
S a® . .. R ***P < 0.001 (ANOVA).
ol —, . : ol Saneaaet .
WTF WTF dhet F WTF WTF dhet F
x x x x x x
WTM  1-KO/2-hetM  dhetM WTM  1-KO/2-hetM  dhetM
WTF
G WT Fx WT M KOMetM  dhet F x dhet M H StAR immunostaining in corpus luteum
StAR - e — 15 dpc 17 dpc 19 dpc
BACHN - s et et s e S TN |
S 2 StAR protein in ovary -
g 20 * * E W
a ¥
> 15 t
=
D 10
b 17 dpc 21 dpc
i o Ay - e K
WTF WTF dhet F SR L A >
WIM  1-KOZ-hetM  dhetM E G i e Lt _..\'
= 5 - y » ¥ ',1
jci.org  Volume125  Number7  July 2015

2813



2814

RESEARCH ARTICLE

SRC-17" fetuses (8.87 * 1.81 ng/ul) were comparable to those of
WT fetuses (Supplemental Figure 5C).

LPCAT1 also catalyzes the synthesis of platelet-activating fac-
tor (PAF) from lyso-PAF and acetyl-CoA (45). PAF, an inflamma-
tory phospholipid, was previously reported to increase in AF near
term and play a role in the initiation of term and preterm labor
(46-50). In the present study, we similarly observed that PAF lev-
els in fetal lungs and AF were significantly increased at 18.5 dpc
compared with earlier time points in fetuses from WT crosses (Fig-
ure 4, E and F) but failed to increase in lungs and AF of SRC-1/-2
dhet or SRC-1/-2 dKO fetuses at 18.5 dpc (Figure 4, G and H). By
contrast, the related acyltransferase enzyme, LPCAT2, believed to
catalyze PAF synthesis in response to proinflammatory stimuli, as
well as the PAF-degrading enzyme, PAF acetylhydrolase (PAFAH),
were unaffected by SRC-1/-2 double deficiency in fetal lung (Sup-
plemental Figure 5, D and E). Besides LPCATI, expression of
several enzymes associated with the de novo pathway of PAF bio-
synthesis (51), including ABCD2 (also known as ALDRP), a per-
oxisomal ATP-binding cassette transporter, which is suggested to
be involved in the transport of very-long-chain acyl-CoA (52), also
was analyzed; however, no differences were observed in the lungs
of SRC-1/-2 dKO or dhet fetuses compared with WT fetuses (Sup-
plemental Figure 5F).

These findings provide compelling evidence that the fetus
signals the mother when its lungs develop the capacity to produce
sufficient surfactant to sustain air breathing and that SRC-1 and
SRC-2 serve a crucial and specific role through transcriptional reg-
ulation of SP-A and LPCATI.

SRC-1 and SRC-2 enhance Lpcatl promoter transactivation by
glucocorticoids in a GRE-dependent manner. As mentioned above,
we previously observed that SRC-1 and SRC-2 serve important
roles in transcriptional upregulation of SP-A gene expression
in fetal lung type II cells (20, 21). Although the Lpcatl gene was
cloned from mouse fetal lung 9 years ago (43, 44) and found to be
highly expressed in lung type II cells and regulated by glucocorti-
coids (43), the mechanisms underlying its transcriptional regula-
tion are largely undefined. Using the MatInspector program, we
identified 5 putative glucocorticoid response elements (GREs),
between -1,000 and -2,000 bp upstream of the mouse Lpcatl
transcription start site, as well as a putative P, response element
and androgen response element, between -1,000 bp and the tran-
scription start site (Figure 5A). To functionally define the glucocor-
ticoid-responsive region(s), different lengths of Lpcat1 5'-flanking
sequence (2.0 kb, 1.0 kb, 0.6 kb, 0.4 kb) were subcloned into the
pGL4.12 luciferase vector and cotransfected into lung adenocar-
cinoma A549 cells, together with Renilla luciferase plasmid. Cells
expressing these Lpcatl promoter constructs, as well as empty vec-
tor, were treated with or without dexamethasone (Dex, 107 M) for
24 hours, and luciferase activity was analyzed using a Dual Luci-
ferase Reporter Assay System. Luciferase activities of all Lpcatl
promoter constructs were comparably increased above empty
vector (Supplemental Figure 6); however, only the Lpcatl ,, -Luc
plasmid containing all 4 putative GREs was upregulated by Dex
treatment (Figure 5A). Moreover, when A549 cells were trans-
fected with Lpcatl ,  :Luc reporters, with or without mutation in
GRE4 and GRES5 and cultured with or without Dex (107 M) for 24
hours, mutagenesis of GRE4 and GRES prevented Dex induction
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of Lpcatl promoter activity (Figure 5B). The roles of endogenous
SRC-1 and SRC-2 in glucocorticoid induction of Lpcatl were sug-
gested by the finding that siRNA-mediated knockdown of endoge-
nous SRC-1, SRC-2, or both SRC-1 and SRC-2 blocked the induc-
tive effect of Dex on Lpcatl promoter activity (Figure 5B). This
was analyzed by transfecting A549 cells with preannealed siRNA
duplexes for SRC-1 and SRC-2, followed by transfection with
Lpcatl,, :Luc construct and Renilla luciferase, treatment with or
without Dex for 24 hours, and assay of luciferase.

To assess binding of endogenous glucocorticoid receptor (GR),
SRC-1, and SRC-2 to the putative GREs, ChIP-quantitative PCR
(ChIP-qPCR) was carried out in lung tissues from WT and SRC-1/-2
dKO fetal mice at 18.5 dpc using primers flanking each of these sites.
As can be seen, endogenous GR, SRC-1, and SRC-2 bound specifi-
cally to GRE4 and GRES within the Lpcatl promoter in fetal lung
tissues of WT mice but not SRC-1/-2-deficient mice (Figure 5, C-E).

To determine whether the human LPCATI gene also is regu-
lated by glucocorticoids and assess the roles of SRC-1 and SRC-2
in this regulation, we used primary cultures of HFL type II cells
infected with lentivirus containing shRNA targeting SRC-1 and/
or SRC-2 and cultured them with or without Dex, in the absence
or presence of the GR/PR antagonist, RU486. Dex significantly
increased the mRNA and protein expression of LPCAT1 after 24
hours of treatment, and this was completely blocked by RU486
(Figure 5, F and G). In contrast, expression of LPCAT2 was not
affected by Dex or by RU486 treatment (Supplemental Figure 7A).
Efficient knockdown of either SRC-1 or SRC-2 (each was decreased
by more than 95%, Supplemental Figure 7B) partially blocked the
inductive effects of Dex on LPCAT1 expression; knockdown of
both SRC-1 and SRC-2 had a more pronounced effect (Figure 5,
H and I), again, suggesting possible compensatory upregulation of
SRC-1 and SRC-2.

i.a. injection of SP-A and PAF at 17.5 dpc rescues the delayed-
labor phenotype and downstream pathways in SRC-1/-2-deficient
mice. We previously reported that i.a. injection of purified SP-A at
15.5 dpc caused preterm delivery of fetuses within 6 to 24 hours (6).
In light of our findings that SP-A and PAF levels were decreased
in AF surrounding SRC-1/-2-deficient fetuses, we evaluated
whether administration of exogenous SP-A or PAF could rescue
the delayed-labor phenotype of SRC-1/-2-deficient mice. SP-A
(3 pg per sac), containing <3 fg LPS per microgram of SP-A (after
polymyxin B treatment) (6), or methylcarbamyl PAF-C-16 (0.25 ng
per sac) was injected i.a. into SRC-1/-2-deficient mice at 17.5 dpc;
this corresponds to the approximate time that SP-A (6) and PAF
(Figure 4F) naturally increase in AF. The amounts of SP-A and PAF
injected were calculated to result in AF concentrations compara-
ble to those normally found at term (~15 pg/ml [ref. 6] and 1.25 ng/
ml [Figure 4F], respectively). A parallel group of SRC-1/-2-defi-
cient mice were injected i.a. with an equivalent volume of sterile
PBS, the solvent for both SP-A and methylcarbamyl PAF-C-16.
Four of ten SRC-1/-2-deficient mice injected with SP-A delivered
premature fetuses surrounded by intact amniotic membranes at
18.5 to 19.0 dpc, and the remaining 6 mice delivered at term on
19.5 dpc. Similarly, 3 of 10 mice injected with PAF delivered at
18.5 t0 19 dpc, and the remaining 7 mice delivered at term on 19.5
dpc (Figure 6A). Only the left uterine horn was injected, while the
right horn was left uninjected as an internal control. As reported
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Figure 4. LPCAT1 expression and PAF synthesis and secretion are reduced in lungs of SRC-1/-2 double-deficient fetuses. (A) Lpcat? mRNA in lungs of
WT and SRC-1/-2 dhet (dhet) fetuses from 15.5 dpc to term (n = 5 mice per time point). (B) Representative immunoblot of LPCAT1 protein in lungs of WT
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percentiles. Data are mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001; #P < 0.05, *#P < 0.01 compared with WT at same dpc (ANOVA).
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Figure 5. SRC-1 and SRC-2 enhance Lpcat1 promoter
transactivation and expression by glucocorticoids

in a GRE-dependent manner. (A) LpcatT:luciferase
reporter constructs containing various amounts of
5’-flanking sequence of the mouse LpcatT gene; puta-
tive GREs, androgen response elements (ARE), and
P, response element (PRES) are indicated. A549 cells
cotransfected with these constructs and Renilla luci-
ferase were treated with or without Dex (107 M) for
24 hours; luciferase assays were performed (n = 4 for
each construct). (B) Effects of mutation of GRE4 and
GRES (Lpcat1,,,,.,~Luc)and knockdown (KD) of SRC-1,
SRC-2, or SRC-1and SRC-2 on Dex-induced Lpcat1
promoter activity (n = 4, each construct). Data are
mean = SEM. (C-E) ChIP-gPCR of WT or SRC-1/-2 dKO
(KO) fetal lung tissues using antibodies to (C) GR, (D)
SRC-1, or (E) SRC-2 and specific primers for GRE1/2,
GRE3, GRE4, or GRES within the Lpcat? promoter

(n = 4). (F) LPCAT1 mRNA levels in HFL type Il cells
treated with Dex with or without RU486 (n = 5). (G)
Representative immunoblot of LPCAT1 protein in HFL
type Il cells treated with Dex with or without RU486.
Five independent experiments were conducted.

(H) LPCATT mRNA in HFL type Il cells infected with
recombinant lentiviruses expressing SRC-1and/or
SRC-2 shRNA and cultured with or without Dex (107
M) (n = 4). NTC, silencer negative control siRNA. (1)
Representative immunoblot of LPCAT1 protein in HFL
type Il cells infected with recombinant lentiviruses
expressing SRC-1 or SRC-2 shRNA, cultured with or
without Dex (n = 4). Data are mean + SEM. *P < 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0001; P < 0.01
compared with Dex treatment alone; ###P < 0.001
compared with cells expressing WT Lpcat?, -Luc
and Silencer negative control siRNA (ANOVA).



The Journal of Clinical Investigation

RESEARCH ARTICLE

A 2- B
5 WTF dhet F x dhet M
= 221 WTM PBS SP-A PAF > 15 Nuclear/cyto p65
S oo = E
§21. 65—+ - — -—— - - - EE Liid
2 — P z 810
S 201 el Hi -~ P eeae coeeese® 5 o3
= L 1) EEEEEE A 'y w = #
o 19 s e 8=
= TTY Ada p65—+ —— T aww - Q Qos
S 181 i e § £ g
) Tz
g I
W e e = oo @
17 . . . GAPDH @ So0 =
PBS SP-A PAF WTF PBS SP-A PAF
x
dhet F x dhet M WTM dhet F x dhet M
C D Cx43 mRNA
Nuclear/cyto p50 c 57 #
WTF dhet F x dhet M ze’ o 2.
B 4
WTM PBS SP-A  PAF S L4 o
—— £g2 $
P50~ == =T 85' <
c = ] #
H3- S eeae cosase®® ® o5 % 2
20
pS{)-' '--';-- - - — - % E g 11 *
g e £, J O ol
- - ————
GAPDH WTF PBS SPA  PAF WTF PBS SPA  PAF
x x
WTM dhet F x dhet M WTM dhet F x dhet M
= WTF dhet F x dhet M F G WTF dhet F x dhet M
WTM PBS SP-A PAF WT M PBS SP-A PAF
CH43 - e an — e — oo oo o> PP OXTR-Er - « = - - s W
-ACtin - —y — p— -Actin+ =
B-Actin - Oxtr mRNA B —— -
5 257 CX43 protein < 157 1.5+ OXTR protein
G S
§ 2.0 #i @ # # .
s ## o £ c
3 &5 1.0 o O 1.0
o 151 x T B
£ 3 =8
— I_O' m —
b * 805 * . 2 0s
=% ] @
& 0.51 = o] ok
< >
o
& ool 0.0 0.0
WTF  pBS SP-A PAF WTF  PBS  SP-A  PAF WTF PBS  SP-A  PAF
x * *
WTM dhet F x dhet M WTM dhet F x dhet M WTM dhet F x dhet M

Figure 6. Delayed parturition and decreased NF-kB activation and expressio

n of Cx43 and Oxtr in SRC-1/-2 dhet females bred to SRC-1/-2 dhet males

are rescued by i.a. injection of SP-A or PAF at 17.5 dpc. (A) Gestation length of SRC-1/-2 dhet females x SRC-1/-2 dhet males injected i.a. at 17.5 dpc with
PBS (n = 9), SP-A (n =10), or PAF (n = 10). (B and C) Nuclear translocation of NF-«B subunits p65 and p50 in 18.5 dpc myometrial tissues of WT females x

WT males (uninjected, n = 3) or SRC-1/-2 dhet females x SRC-1/-2 dhet males

injected i.a. with PBS (n = 3), SP-A (n = 3), or PAF (n = 4) at 17.5 dpc. The same

immunoblots of loading controls, histone H3, and GAPDH are shown for nuclear and cytoplasmic proteins, respectively, since p65 and p50 were probed on
the same respective blots. (D) Cx43 mRNA levels (n = 6 per group) and (E) protein levels (n = 3 for WT, PBS, and SP-A; n = 4 for PAF) in myometrium. The
same immunoblot of B-actin was used for normalization of OXTR (G), which was probed on the same blot. (F) Oxtr mRNA (n = 6 per group) and (G) protein
(n =3 for WT, PBS, and SP-A; n = 4 for PAF) in myometrium. Data are the mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 compared with
WT; #P < 0.05, #P < 0.01, *##P < 0.001 compared with PBS injection (ANOVA).

previously for SP-A (6) and as observed in the present study for
SP-A or PAF treatment, only the fetuses in the injected horn deliv-
ered prematurely — or on time in the case of SRC-1/SRC-2 double
deficiency. Only 2 of 9 SRC-1/-2-deficient mice injected i.a. with
sterile PBS manifested normal term labor (19.5 dpc), whereas the
remaining 7 delivered 1 to 2 days late (Figure 6A).

Furthermore, we found that SP-A or PAF injection signifi-
cantly reversed the inhibitory effects of SRC-1/-2 deficiency on
myometrial NF-kB activation (Figure 6, B and C), contractile gene
expression (Figure 6, D-G), and the expression of PGF ,a synthase,

AKRI1B3 (Figure 7, A and B). Meanwhile, the increased expression
of the PGF,o-metabolizing enzyme, PGDH, in myometrium of
SRC-1/-2 dhet females bred to SRC-1/-2 dhet males also was pre-
vented by SP-A or PAF injection (Figure 7, C and D); this resulted in
an upregulation of PGF ,a levels in myometrium (Figure 7E). Con-
sequently, i.a. SP-A or PAF injection caused a decrease in ovarian
StAR protein (Figure 7F) and circulating P, (Figure 7G) to levels
comparable to those of WT mice. By contrast, PBS injection had no
effect on any of these parameters. Again, Star mRNA expression in
ovaries of SRC-1/-2 dhet females bred to SRC-1/-2 dhet males was
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not significantly altered by SP-A or PAF injection (Supplemental
Figure 3B). Based on these findings and the correlation of gesta-
tion length with the proportion of SRC-1/-2-deficient pups in the
litter (Figure 1C), we postulate that secretion of both SP-A and PAF
by the maturing fetal lung near term provides a key stimulus for
activation of contractile genes in the maternal uterus. Supplemen-
tation with either factor was sufficient to rescue the delay in labor
in SRC-1/-2-deficient mice.

Discussion

Mice in which SRC-I and SRC-2 have both been knocked out die
at birth of respiratory distress (29). To investigate the mechanisms
whereby deficiency of SRC-1 and SRC-2 cause decreased produc-
tion of pulmonary surfactant components, we crossed SRC-1/-2
dhet mice. Surprisingly, the mice exhibited a highly pronounced
delay in parturition. Noteworthily, WT females bred to SRC-1/-2
double-deficient males (1-KO/2-het) manifested an equivalently
severe delay in labor. Notably, the proportion of “double-defi-
cient” fetuses produced by crossing WT females with 1-KO/2-het
males was estimated to be similar to that of the SRC-1/-2 dhet
crosses (50% vs. 56.25%, respectively), even though there are no
SRC-1/-2 dKO fetuses produced in the former. Moreover, SP-A and
PAF levels were significantly and comparably decreased in lungs
and AF samples from all double-deficient (SRC-1/-2 dhet, 1-het/
2-KO, 1-KO/2-het, and SRC-1/-2 dKO) fetuses compared with
those in single-deficient (SRC-I7- and SRC-27") or WT pups. These
findings strongly suggest that the delay in parturition timing was
caused by a deficiency in fetus-derived factors in lungs of the SRC-1
SRC-2 double-deficient pups. The role of the fetus was further sup-
ported by the positive correlation found between the proportion of
SRC-1/-2-deficient pups in the litters and gestational length.

Although a number of reproduction-related phenotypes have
been elucidated in SRC-1 and SRC-2 KO mice (24), the combined
and cooperative functions of SRC-1 and SRC-2 in pregnancy and
parturition have not been explored. The present finding that dou-
ble deficiency in SRC-1 and SRC-2 is required for manifestation of
the delayed parturition phenotype suggests the presence of com-
pensatory mechanisms and cooperative physiological functions
between SRC-1 and SRC-2 in the regulation of gestation length.
This is consistent with a previous study showing that endogenous
SRC-2 overexpression in certain tissues of SRC-I-null mutants
compensated partially for the loss of SRC-1 (26) as well as our
current findings that KO of one coregulator in fetal lung caused
marked compensatory upregulation of the other. Moreover, we
observed that efficient knockdown of both SRC-1 and SRC-2 had
amore pronounced effect to reduce Dex-induced LPCAT1 expres-
sion than knockdown of either SRC-1 or SRC-2 alone.

Both term and preterm labor in humans and rodents are medi-
ated by an inflammatory response, associated with elevated lev-
els of proinflammatory cytokines in AF and increased leukocyte
migration into the myometrium (11). Increasing evidence suggests
that the developing fetus may provide physical and hormonal
signals that activate inflammatory transcription factors in myo-
metrium and contribute to the induction of spontaneous labor
at term. Previously, we suggested that the major surfactant pro-
tein, SP-A, a developmentally regulated C-type lectin involved
in innate immunity within the lung alveolus, plays an important
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role in initiating labor at term by activating fetal macrophages and
promoting their migration to the maternal uterus (6). Moreover,
mice that were globally deficient in the genes encoding SP-A and
the related C-type lectin, SP-D, manifested a significant delay in
parturition, accompanied by decreased AF macrophage activation
and a marked reduction in myometrial proinflammatory and con-
traction-associated gene expression (15).

As mentioned, SP-A transcription in fetal lung type II cells was
previously found to be enhanced by SRC-1 (21) and SRC-2 (20).
Accordingly, in the present study, SP-A mRNA and protein expres-
sionand secretioninto AF were observed to be significantly reduced
in lungs of fetuses deficient in both SRC-1 and SRC-2. The marked
delay in parturition also was associated with decreased myometrial
NF-«B activation and a lack of induction of the contraction-associ-
ated genes Cx43, Oxtr, and Akrlb3 near term. Consequently, ovar-
ian StAR protein levels failed to decline near term and circulating P,
levels remained elevated, due to a block in luteolysis.

While reduced SP-A expression in lungs of SRC-1/-2-deficient
fetuses likely contributed to the delay in parturition, the effect of
SRC-1/-2 deficiency on parturition timing (~38-hour delay) was
considerably greater than that observed with SP-A or SP-A/SP-D
dKO mice (~12-hour delay) (15). These pronounced differences
suggested that other fetal signals contribute to the timing of labor.
Previous studies by Johnston and colleagues suggested that PAF,
produced in increasing amounts by the developing fetal lung and
secreted into AF, may play a role in the initiation of term and pre-
term labor (46-50). Importantly, we observed that levels of PAF
in fetal lungs and AF of SRC-1/-2 double deficient mice failed to
increase and were significantly reduced as compared with those
of WT or SRC-I or SRC-2 single-deficient fetuses near term. PAF
has been observed to enhance cytokine production and migra-
tion of polymorphonuclear leukocytes (PMNs) into the cervix
at the time of parturition (53-55). Studies with PAF receptor KO
mice suggested that PAF is a direct mediator of PMN activation
(56). Moreover, unlike other inflammatory mediators (e.g., cyto-
kines or LPS), PAF is a direct uterotonic agent (57-60). PAF also
has been implicated in preterm parturition because its levels are
increased in the AF of women in preterm labor (47, 61). Thus, PAF
and SP-A produced by fetal lung type II cells may cooperatively act
to enhance migration of macrophages and other leukocytes to the
myometrium near term. Notably, we observed that i.a. injection
of PAF or SP-A at 17.5 dpc corrected the parturition delay in SRC-
1/-2-deficient mice. Moreover, rescue of the parturition delay in
SRC-1/-2 dhet females bred to SRC-1/-2 dhet males by SP-A or
PAF i.a. injection at 17.5 dpc restored NF-kB activation, CX43 and
OXTR expression in the maternal myometrium, StAR expression
in the ovary, and circulating P, levels to WT values at 18.5 dpc.

In studies to define the underlying mechanisms for PAF upreg-
ulation in fetal lung near term and the effects of SRC-1/-2 defi-
ciency, we discovered that LPCAT1, a key enzyme in the acylation
of the sn-2 position of both DPPC and PAF (42-44), was signifi-
cantly decreased in lungs of SRC-1/-2 dKO fetuses compared with
thatin WT fetuses. LPCAT1 was previously reported to be develop-
mentally upregulated in mouse fetal lung, selectively expressed in
type Il cells, and increased by glucocorticoids (43). In studies using
HFL type II cells, we observed that Dex induced LPCAT1 expres-
sion in a GR/SRC-1/-2-dependent manner. Glucocorticoid upreg-
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Figure 7. Rescue of parturition delay in SRC-1/SRC-2 dhet females bred to SRC-1/-2 dhet males is associated with increased myometrial PGF 0 synthesis
and decreased ovarian P, production. (A) Akr1b3 mRNA (n = 6 per group) and (B) protein (n = 3 for WT, PBS, and SP-A; n = 4 for PAF) in myometrium.

The same immunoblot of B-actin was used for normalization of PGDH (D), which was probed on the same blot. (C) PGDH mRNA (n = 6 per group) and (D)
protein (n = 3 for WT, PBS, and SP-A; n = 4 for PAF) in myometrium. (E) PGF,a levels in myometrial homogenates for WT or SRC-1/-2 mice injected i.a.

with PBS, SP-A, or PAF (n = 8 per group). In the box-and-whisker plot, horizontal bars indicate the medians, boxes indicate 25th to 75th percentiles, and
whiskers indicate 10th and 90th percentiles. (F) StAR protein in ovaries of WT (n = 3) or SRC-1/-2 dhet females x SRC-1/-2 dhet males injected i.a. with PBS
(n=3), SP-A (n = 3), or PAF (n = 4). (G) Maternal serum P, levels, measured by ELISA, of 18.5 dpc WT females x WT males or SRC-1/-2 dhet females x SRC-
1/-2 dhet males injected i.a. with PBS, SP-A, or PAF (n = 8 per group). (H) Proposed cooperative roles of SRC-1and SRC-2 in the initiation of labor through
regulation of SP-A and Lpcat1 gene expression. Data are the mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001, compared with WT, P < 0.05, *#P < 0.01,
##H#P < 0,001, ¥¥#¥P < 0.0001 compared with PBS injection (ANOVA).
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ulation of LPCATI promoter activity was mediated by two consen-
sus GRE repeats that bound GR, SRC-1, and SRC-2 in a cooperative
manner. Previous findings that SRC-I and SRC-2 KO mice mani-
fested hyposensitivity to glucocorticoids (62) further suggest that
compromised action of glucocorticoids in SRC-1/-2-deficient mice
may contribute to decreased LPCATI expression. Fetal plasma glu-
cocorticoids increase exponentially during late gestation (14) and
are thought to serve a role in maturation of the fetal lungs (63-68).
Neonatal mice in which SRC-I and SRC-2 were both knocked out
were reported to have diffuse lung atelectasis and died at birth of
apparent respiratory distress (29). Importantly, we observed that
the decreased expression of LPCAT1 in lungs of SRC-1/-2-defi-
cient fetuses was associated with profoundly reduced secretion
of DPPC into AF. Since DPPC is the most surface-active compo-
nent of pulmonary surfactant, this decline in DPPC production is
likely responsible for the alveolar collapse observed in SRC-1/-2
dKO mice. The importance of LPCAT1 in fetal lung is supported
by the finding that mice homozygous for a hypomorphic allele of
Lpcat] manifested varying perinatal mortality from respiratory dis-
tress, associated with a deficiency in surfactant DPPC (42). In light
of the pleiotrophic effects of SRC-1 and SRC-2, it is likely that the
actions of other transcription factors are compromised in lungs of
the double-deficient mice, contributing to the impaired production
of surfactant components. While our study revealed important
roles of SP-A and PAF in signaling the initiation of labor, it is likely
that SRC-1 and SRC-2 have additional fetal target genes besides
SP-A and LPCATI that might contribute to the parturition delay.
Genome-wide RNA-seq analysis of lung tissues of SRC-1/-2 dKO
and WT fetuses will be used to identify other possible target genes
and provide a more comprehensive view of the coordinated roles of
SRC-1and SRC-2in the timing of labor.

In conclusion, our findings provide compelling evidence that
the fetus initiates parturition by signaling the mother when its
lungs develop the capacity to produce sufficient surfactant lipo-
protein to sustain air breathing. This likely occurs through the pro-
duction of two fetal lung-derived factors — SP-A and PAF (Figure
7H). Both of these factors have the capacity to activate immune
cells, resulting in an enhanced inflammatory response within the
maternal uterus, as well as a decline in PR function, which col-
lectively result in increased expression of myometrial contrac-
tile genes and the initiation of labor. The coactivators SRC-1 and
SRC-2 serve crucial roles in this process through transcriptional
regulation of genes encoding SP-A and LPCAT], a key regulatory
enzyme in the synthesis of DPPC, which is the major surface-
active component of surfactant, and PAF, a proinflammatory glyc-
erophospholipid (Figure 7H).

Methods

Timing of labor in SRC-1/-2-deficient and WT mice. To examine the
effects of deficiencies in SRC-1 and/or SRC-2 on the timing of labor,
SRC-1 homozygous KO (SRC-17), SRC-2 heterozygous (SRC-2),
and SRC-1/-2 dhet females (B6 background) were bred to geneti-
cally matched males. To determine whether phenotypic effects were
caused by deficiencies in the fetuses, WT females also were bred to
1-KO/2-het males. WT B6 females were bred to WT males as controls.
Breeding pairs were placed together at 1800 hours and separated the
following morning at 0600 hours. Pregnancy was suggested by the
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presence of a vaginal plug; gestational age was designated at that time
as 0.5 dpc. The time to labor was documented upon delivery of the
first pup or by the presence of a litter. All mice were housed under
pathogen-free conditions, maintained on a 12-hour-dark/12-hour-
light cycle, and allowed free access to a standard pellet chow.

Collection of AF, myometrium, ovaries, sera, and fetal lungs at 15.5 to
18.5 dpc. Parturition timing was assessed in first pregnancies, while flu-
ids and tissues were analyzed in second pregnancies. AF, myometrium,
ovaries, sera, and fetal lungs were collected from timed-pregnant mice
at approximately 1000 hours at 15.5, 16.5, 17.5, and 18.5 dpc. Uteri
were exposed and AF from individual amniotic sacs was carefully
aspirated, avoiding maternal blood contamination, using a 20-gauge
needle and a 1.0-ml syringe. Maternal myometrium was isolated after
removal of all fetus-derived tissues, followed by gentle scraping and
blotting to remove the endometrial layer. Ovaries were dissociated
from surrounding fat. Intact fetal lungs were harvested on ice. AF from
each sac and lungs from each fetus were separately harvested for sub-
sequent assignment of genotype. Maternal blood was collected at 18.5
dpc by retro-orbital puncture of anesthetized animals and allowed to
clot for 2 hours at room temperature before centrifuging for 20 min-
utes at 3,000 g. Sera were harvested and stored at -80°C. All tissues
were rinsed in ice-cold 1x PBS, flash frozen in liquid nitrogen, and
stored at -80°C until analysis. Forelimbs from each fetus were placed
in phenol-chloroform for DNA isolation and genotyping.

Animal surgery for injection of substances into AF. Timed-pregnant
mice at 17.5 dpc were anesthetized with isoflurane via a precision
vaporizer. The left uterine horn was gently pulled through a 1-cm inci-
sion made above the visible ovarian fat pad; SP-A (3.0 pg in 50 pul PBS),
methylcarbamyl PAF-C-16 (Sigma-Aldrich, 0.25 ng in 50 ul PBS), or
PBS (50 pl) was injected through the exposed uterine wall into each
amniotic sac with a sterile 31-gauge half-inch needle (Becton Dick-
inson). The right uterine horn was untouched. The left uterine horn
was returned to the abdominal cavity, the abdominal muscle wall
was closed with Suturevet 4,/0 polyglycolic acid synthetic absorbable
sutures (Butler Schein Animal Health), and the skin was closed by
using 7.5-mm wound clips (Perfect Agrafes Chirurgicales). The mice
were kept on a warming pad and returned to their cages after recov-
ery. One day later (18.5 dpc), mice were sacrificed, and myometrium,
ovaries, and sera were harvested, as described above, or the mice were
allowed to deliver for analysis of parturition timing.

Cell culture. Midgestation HFL tissues were obtained from
Advanced Bioscience Resources. HFL type II pneumonocytes were
isolated and cultured as described in detail previously (69). Briefly,
the fetal lung tissues were minced and rinsed in serum-free Way-
mouth’s MB752/1 medium (Invitrogen). Lung explants were placed on
lens paper supported by stainless steel grids in 100-mm sterile dishes
containing 3 ml serum-free Waymouth’s medium containing Bt,cAMP
(1mM) (Roche) for 3to 5 days to enrich the population of differentiated
type II cells. Cells were dispersed from the explants by digestion with
collagenases type I (0.5 mg/ml; Sigma-Aldrich) and type IA (0.5 mg/
ml; Sigma-Aldrich) for approximately 10 minutes. The resulting cell
suspension was depleted of fibroblasts by incubation with diethylami-
noethyl-dextran (250 pg/ml) for 30 minutes at 37°C, followed by cen-
trifugation at 400 g for 5 minutes. The cell pellet was resuspended in
Waymouth’s MB752/1 medium containing 10% (vol/vol) FBS (Gem-
ini Bio-Products), plated onto 6-well culture plates (1.5 x 10° cells per
well) coated with extracellular matrix prepared from Madin-Darby
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canine kidney cells (CRL 6253; ATCC) (69) and incubated overnight.
Cultured cells were washed twice with medium to eliminate dead and
nonadherent cells. Cells were then infected with lentiviruses contain-
ing shRNAs targeting SRC-1 and/or SRC-2 overnight and treated with
or without Dex (107 M) in phenol red-free DMEM medium without
FBS, with or without RU486. The human lung adenocarcinoma cell
line A549 (CCL 185, ATCC) was maintained in Waymouth’s MB752/1
medium containing FBS (10% vol/vol).

Lentivirus generation and infection. Lentiviral vectors containing
shRNAs targeting SRC-1 or SRC-2 in pGIPZ vectors were obtained
from a lentivirus shRNA library (Open Biosystems). Two differ-
ent shRNA vectors were used for silencing SRC-1 (NCOAI, cata-
log RHS4430-99148018) and SRC-2 (NCOA2, catalog RHS4430-
99141731), and their efficacy was validated. Lentiviral supernatants
were produced in human embryonic kidney 293T (HEK 293T) cells by
Polyethylenimine-mediated (Polysciences) transfection of plasmids
pMD2.G, ps-PAX2, and human pGIPZ lentiviral shRNA for SRC-1 and
SRC-2. Lentiviral supernatants were collected after 48 and 72 hours
of culture. Viral titers were determined by measuring the coexpressed
GFP after infection of HEK 293T cells.

HFL type II cells were then infected with recombinant lentivi-
ruses containing shRNAs targeting SRC-1 and /or SRC-2 overnight and
treated with Dex (107 M) in phenol red-free DMEM medium without
FBS, in the absence or presence of RU486. For control experiments,
cells were infected with nonsilencing pGIPZ lentiviral shRNA.

SP-A isolation. Human alveolar proteinosis lavage was delipidated
using isopropyl ether and 1-butanol (6). Serum albumin was removed
by extraction on a DEAE-Affigel blue gel column (Bio-Rad). Endotoxin
was removed with polymyxin B agarose (Sigma-Aldrich). Remaining
endotoxin content was assessed using a Limulus Amebocyte Lysate
PYROGENT 06 Plus Assay Kit (Lonza). Purity of SP-A preparation
was assessed by Coomassie blue staining and immunoblot analysis
using an antibody raised against SP-A (70).

Quantitative RT-PCR. Total RNA from tissues or cells was
extracted using an RNeasy Mini Kit (Qiagen). The purity and integrity
of the RNA were checked spectroscopically and by gel electrophoresis
before use. Quantification of total RNA was performed by measuring
absorbance at OD,, . RNA was treated with DNase (Invitrogen) to
remove any contaminating DNA, and 2 ug were reversed transcribed
using the SuperScript III cDNA First-Strand Synthesis Kit (Invitrogen).
Primer sets are listed in Supplemental Table 3. All primers were val-
idated for efficiency by creating standard curves using a gradient of
diluted samples with 72 values larger than 0.96. The specificity of the
primers was verified by examining the melting curve. Product purity
was confirmed by gel electrophoresis. For quantitative analysis of
mRNA, a CFX384 Real-Time PCR Detection System (Bio-Rad) was
employed using Power SYBR Green PCR Master Mix (Applied Biosys-
tems) for the detection of PCR products. The cycling conditions were
50°C for 2 minutes and 95°C for 10 minutes, followed by 45 cycles of
95°C for 15 seconds, and 60°C for 1 minute. As a negative control for
all of the reactions, distilled water was used in place of cDNA. Ampli-
fication of the housekeeping gene 36B4 was determined for sample
loading and normalization. Each sample was amplified in triplicate,
and the mean of Cq value was calculated. The relative fold changes
were calculated using the comparative Ct method (224%) (71).

Immunoblot analysis. Total protein extracts were prepared from
tissues using RIPA buffer (Cell Signaling). Nuclear and cytoplas-
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mic proteins were separated by NE-PER Nuclear and Cytoplasmic
Extraction Reagents (Thermo Scientific). Equivalent amounts of pro-
tein determined by BCA assay (Thermo Scientific) were resolved by
NuPAGE 4-12% Bis-Tris gel (Invitrogen) electrophoresis and blotted
to Hybond-P PVDF membranes (Amersham Biosciences). The follow-
ing primary antibodies and dilutions were used: anti-SP-A (1:500; ref.
70); anti-LPCAT1 (1:1,000; ab94903, Abcam); anti-SRC-1 (1:1,000;
A300-344A, Bethyl Laboratories); anti-SRC-2 (1:1,000; A300-346A,
Bethyl Laboratories); anti-NF-kB p65 (1:500; SC-372, Santa Cruz Bio-
technology); anti-NF-kB p50 (1:500; SC-114, Santa Cruz Biotechnol-
ogy); anti-CX43 (1:500; SC-6560-R, Santa Cruz Biotechnology); anti-
OXTR (1:500; SC-33209, Santa Cruz Biotechnology); anti-AKR1B3
(1:500; SC-271007, Santa Cruz Biotechnology); anti-PGDH (1:500;
SC-98907, Santa Cruz Biotechnology); anti-COX-2 (1:1,000; ab15191,
Abcam); anti-200-HSD (1:5,000; gift of Geula Gibori, University of
Illinois, Chicago, Illinois, USA); anti-StAR (1:300; ab58013, Abcam);
anti-B-actin  (1:5,000; ab8227, Abcam); anti-GAPDH (1:2,000;
ab9485, Abcam); and anti-histone H3 (1:2,000; 05-928, Millipore).
Horseradish peroxidase-conjugated anti-rabbit or anti-mouse IgG (GE
Healthcare) was used as secondary antibody. The membranes were
developed using Supersignal West Pico Chemiluminescent substrate
(Thermo Scientific). To control for sample loading and transfer, the
ratio of band intensities to B-actin (for total protein; ab8227, Abcam),
GAPDH (for cytoplasmic protein; ab9485, Abcam), or histone H3 (for
nuclear protein; clone A3S 05-928, Millipore) was obtained to quantify
the relative protein expression level.

Plasmid and siRNA transfection and luciferase assays. Various
amounts of DNA flanking the transcription start site of the mouse
Lpcatl gene were amplified from mouse genomic DNA and subcloned
into the pGL4.12 vector (Promega) to generate luciferase reporter
plasmids. Site-directed mutagenesis of putative GREs was performed
using the QuikChange II Site-Directed Mutagenesis Kit (Agilent
Technologies). All constructs and mutations were confirmed by DNA
sequencing at the McDermott Center Sequencing Core, University
of Texas Southwestern Medical Center. SRC-1 and SRC-2 transcripts
in A549 cells were knocked-down by transfection of preannealed
Silencer Select siRNA duplexes (s16461 for SRC-1 and/or s20528 for
SRC-2, Ambion) using Lipofectamine RNAIMAX transfection reagent
(Invitrogen). Silencer Negative Control #1 siRNA (AM4611, Ambion)
was transfected as a negative control. The efficiency of knockdown
was determined by RT-PCR and Western blotting. Twenty-four hours
after transfection, WT, SRC-1, SRC-2, or SRC-1/-2 double-knockdown
A549 cells were transfected with various LpcatI-luciferase reporter
constructs and Renilla luciferase plasmid using Lipofectamine 2000
transfection reagent (Invitrogen) according to the manufacturer’s
protocol. Dex (107 M) was added into the medium for 24 hours and
then whole-cell lysates were prepared using Passive Lysis Buffer (Pro-
mega). Luciferase assays were performed using the Dual Luciferase
Reporter Assay System (Promega), according to the manufacturer’s
protocol, in a GloMax plate-reading luminometer (Promega).

ChIP-qPCR. ChIP assays were performed on minced mouse fetal
lung using a ChIP Assay Kit (Millipore) as described previously (72).
Cross-linking was performed using formaldehyde (1% in PBS) at room
temperature for 10 minutes with gentle rotation. The minced tissues
were pelleted in a microfuge at full speed for 1 minute at 4°C. The pellets
were washed, resuspended in SDS lysis buffer containing protease inhib-
itor cocktail, and then sonicated. Sheared chromatin was diluted in ChIP
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dilution buffer and precleared according to the manufacturer’s instruc-
tions. Precleared chromatin was incubated overnight with rabbit anti-GR
monoclonal antibody (Cell Signaling, 12041), anti-SRC-1 (A300-344A,
Bethyl Laboratories), anti-SRC-2 (A300-3464, Bethyl Laboratories), or
rabbit IgG (Santa Cruz Biotechnology). After incubation for 1 hour on
a rocking platform with Protein A Agarose Slurry/Salmon Sperm DNA
(Sigma-Aldrich), the beads were washed following the manufacturer’s
instructions. Cross-linking was reversed by incubation in 1% SDS, 0.1 M
NaHCO, at 65°C overnight. DNA was then extracted from samples using
phenol/chloroform. Real-time qPCR was performed using Power SYBR
Green PCR Master Mix and primer pairs for various regions of the Lpcat1
promoter (listed in Supplemental Table 3).

Histological studies. Mouse ovaries were fixed in 4% paraform-
aldehyde, embedded in paraffin, and cut into 5-pm sections. Rabbit
anti-StAR primary antibody (provided by Keith Parker, University
of Texas Southwestern Medical Center) (73) was used at 1:100 dilu-
tion. Immunoreactivity using biotinylated secondary antibodies was
detected with a Vectastain Elite ABC Kit (Vector Laboratories) and a
Vector Nova Red Detection Kit (Vector Laboratories), using standard
fixation and staining protocols (74).

PGF,a and P, analysis. Myometrial and ovarian tissues were
homogenized and PGF,a levels were determined using an Enzyme
Immunoassay (EIA) Kit (516011, Cayman Chemical) according to the
manufacturer’s protocol. PGF,a levels were normalized to total pro-
tein. The levels of P, in serum were assayed using the EIA Kit (582601,
Cayman Chemical) according to the manufacturer’s protocol.

PAF analysis. AF from each sac was sonicated briefly on ice and
then incubated with hyaluronidase (SEIKAGAKU Corp., 2 U/100 pl) for
10 minutes at 37°C to reduce viscosity. Fetal lungs were minced, homog-
enized on ice in 1x RIPA lysis buffer, sonicated briefly, and centrifuged;
the supernatant was harvested for assay. PAF levels in AF and lung
lysates were assayed using a competitive inhibition EIA Kit (E90526Mu,
USCN Life Science Inc.) according to the manufacturer’s instructions.

DPPC analysis. DPPC was analyzed using LC-MS (ABSciex
QTRAP 4000 coupled to a Shimadzu LC20 HPLC). DPPC was
resolved using a solvent gradient transitioning from 90% methanol
to 100% methanol over 20 minutes. Both mobile phases contained
5 mM ammonium acetate. DPPC was measured using multiple reac-
tion monitoring (MRM) in negative ion mode. The MRM for DPPC
was 792.6; 255.3 Da d31-POPC (20 ng per sample, Avanti Polar Lipids)
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was added to each sample as an internal standard. Concentration was
determined by comparing the intensity of the internal standard to a
standard curve of DPPC (Avanti Polar Lipids).

Statistics. Data are expressed as mean * SEM or as the mean per-
centage of control + SEM. Differences between groups were analyzed
by 1-way ANOVA, followed by Dunnett’s multiple comparisons test,
with statistical significance determined at the level of P < 0.05.

Study approval. All animal studies were approved by the Institu-
tional Animal Care and Use Committee, University of Texas South-
western Medical Center, and were in accordance with NIH guidelines.
Midgestation HFL tissues were obtained from Advanced Bioscience
Resources in accordance with the Donors Anatomical Gift Act of
the State of Texas. The protocols were approved by the Institutional
Review Board of University of Texas Southwestern Medical Center.
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