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Background: Bronchopulmonary dysplasia reflects an alveolar epithelium in which the differentiation program remains incom-
plete. CCAAT/enhancer-binding protein a (C/EBPo) is indispensable for alveolar type II (AT2) maturation, yet the mechanisms
governing its abundance under oxidant stress remain unexamined. Because canonical Wnt/B-catenin signaling has been reported
to reduce C/EBPa in other lineages, we asked whether B-catenin signaling modulates C/EBPa in hyperoxia-exposed alveolar ep-
ithelium and whether this is accompanied by changes in differentiation marker expression.

Methods: Rat AT2-like RLE-6TN cells were exposed to 95% O, for 48 h. Wnt output was manipulated bidirectionally with
ICG-001 (10 pM) under hyperoxia and lithium chloride (20 mM) under normoxia, while -catenin was silenced under hyperoxia
and overexpressed under normoxia. The contribution of C/EBPa was examined by silencing it during Wnt inhibition and by
restoring it under continued hyperoxia without manipulating the pathway. Pathway activity (active p-catenin, Axin2), C/EBPa,
differentiation markers (pro-SP-C/Sfipc, AQPS/Aqp5) and apoptosis were assessed.

Results: Hyperoxia increased active p-catenin and Axin2 and reduced C/EBPa, pro-SP-C and AQPS, with increased apoptosis
(all p <0.001). ICG-001 reduced Axin2 without altering active B-catenin and increased C/EBPa, pro-SP-C and AQPS5, whereas
pharmacological glycogen synthase kinase-3f (GSK-3p) inhibition with lithium chloride reproduced the hyperoxic pattern under
normoxia. P-catenin silencing under hyperoxia increased C/EBPa, Sfipc and Agp5, whereas B-catenin overexpression under
normoxia reduced them (all p < 0.001). Silencing C/EBPa markedly attenuated the ICG-001-induced increases in Sfipc and
Aqp$5, while C/EBPao overexpression alone increased both despite persistent hyperoxia.

Conclusions: Canonical Wnt/B-catenin activity and C/EBPa abundance were inversely associated across perturbation experi-
ments in hyperoxia-exposed AT2-like cells, and C/EBPa appears to contribute substantially to the effect of Wnt inhibition on
differentiation marker expression. These findings support a functional p-catenin-C/EBPa relationship that may contribute to
hyperoxia-associated changes in alveolar differentiation marker expression, pending mechanistic and in vivo confirmation.
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Introduction can itself injure the immature lung, neonatal hyperoxia has

become the most widely used experimental paradigm for

At the margins of viability, survival commonly de-
pends on ventilatory support and supplemental oxygen, yet
the structurally and functionally immature lung is partic-
ularly vulnerable to ventilator-induced injury and oxygen
toxicity [1,2,3]. Bronchopulmonary dysplasia (BPD) is a
frequent consequence [4,5,6]. Whereas the disorder first
described by Northway and colleagues [7] was dominated
by airway injury and fibrosis in relatively mature lungs
[8], contemporary BPD affects infants born during the late
canalicular or early saccular stages of lung development and
is characterized histologically by fewer, enlarged and sim-
plified distal airspaces, together with a reduced and dys-
morphic pulmonary capillary bed [9,10]. Because supple-
mental oxygen remains indispensable in neonatal care but

modelling BPD [11,12].

Viewed at cellular resolution, airspace simplification
reflects an alveolar epithelium whose differentiation pro-
gram remains incomplete [13,14]. Two functionally inter-
dependent epithelial lineages populate the mature alveo-
lus: alveolar type I (AT1) and type II (AT2) cells [15,16].
AT?2 cells synthesize, store and secrete pulmonary surfac-
tant, with pro-surfactant protein C, which is encoded by
SFTPC in humans and Sfipc in mice, serving as a canonical
marker of mature AT2 identity [15,17]. They also act as res-
ident facultative progenitors capable of self-renewal and of
generating AT1 cells [15,17]. AT1 cells, identified here by
aquaporin 5 (AQPS5) [18], spread into the thin barrier across
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which gas exchange actually occurs [15]. Completion of
alveolarization therefore requires not merely the survival of
AT?2 cells after oxidant injury, but preservation of the tem-
porally regulated epithelial fate transitions that establish an
appropriate balance of AT2 and AT1 cells [14,19]. Inter-
ventions aimed only at cell death leave this second require-
ment untouched, which may help explain why antioxidant
and anti-inflammatory strategies have translated poorly.

Among the transcription factors implicated,
CCAAT/enhancer-binding protein o (C/EBPa) occu-
pies an unusually decisive position [20]. Conditional
deletion of Cebpa from fetal respiratory epithelium is
lethal at birth [21,22]. Glycogen-laden pre-type II cells
fail to mature, surfactant lipid and protein synthesis
collapses, and differentiated cells of both alveolar lineages
are lacking [21,22]. Deletion of C/EBPa from the post-
natal respiratory epithelium produces no overt baseline
phenotype, yet renders mice strikingly intolerant of 95%
oxygen, with defective SP-B and SP-C maturation and
disruption of gene programs governing surfactant and
redox homeostasis [23]. Consistent with this, hyperoxia
lowers C/EBPa together with SP-C in cultured AT2 cells,
and forced C/EBPa expression blunts the injury [24]. In
neonatal mice, hyperoxia has instead been reported to
increase C/EBPa, with its silencing improving alveolar
architecture [25]. This discrepancy across developmental
stages and models itself argues for defining, in a controlled
setting, what governs C/EBPa abundance under oxidant
stress. That upstream question has received little attention.

Ligand engagement of Frizzled and LRP5/6 disables
the AXIN-APC-GSK-3p destruction complex, sparing p-
catenin from degradation [26]. The stabilized protein enters
the nucleus, partners with T-cell factor/lymphoid enhancer-
binding factor (TCF/LEF) family members and transac-
tivates targets such as Axin2, whose transcript therefore
serves as an endogenous readout of pathway output [27].
During alveologenesis, this pathway behaves as a fate-
holding signal rather than a differentiation signal: a sec-
ondary wave of Wnt activity sustains AT2 proliferation and
stemness, whereas experimental dampening of the pathway
shifts AT2 cells toward AT1 conversion [28,29]. Differenti-
ation, in other words, requires Wnt to be relieved at the right
moment. Hyperoxia appears to prevent precisely this tran-
sition. Elevated pB-catenin and increased expression of path-
way components have been reported in hyperoxia-exposed
newborn rat lungs [30]. Although model-dependent, evi-
dence implicates aberrant Wnt signaling across experimen-
tal and clinical BPD. Hyperoxia increases nuclear -catenin
and AXIN2 expression in human developmental organ-
otypic cultures and WntS5a expression in neonatal mouse
lung, while increased WNTS5A and AXIN2 expression is
detectable in lung tissue from infants with BPD [31]. Con-
sistent with a pathogenic role in selected contexts, phar-
macological inhibition of B-catenin-dependent transcription
with ICG-001 improves alveolarization and reduces pul-

monary vascular remodeling and pulmonary hypertension
in hyperoxia-exposed neonatal rats [32].

Canonical Wnt signaling maintains adipogenic pro-
genitors in an undifferentiated state, in part by suppress-
ing the adipogenic transcriptional program centered on
Cebpa and Pparg. Similarly, activated p-catenin-TCF sig-
naling reduces CEBPA expression in liver cancer cells
[33,34]. Whether the same regulatory relationship oper-
ates in hyperoxia-exposed alveolar epithelium remains un-
known, and correlation alone cannot establish it. Coinci-
dent changes are equally compatible with C/EBPa acting
downstream of B-catenin, with both responding indepen-
dently to oxidant stress, or with C/EBPa feeding back on
Wnt signaling. Distinguishing among these possibilities re-
quires bidirectional perturbation of each node, together with
testing whether C/EBPa is required for the effects of manip-
ulating Wnt output.

We therefore addressed this question using rat AT2-
like RLE-6TN cells exposed to 95% O, for 48 h. Wnt
output was manipulated bidirectionally: it was suppressed
during hyperoxia with the B-catenin/CREB-binding protein
(CBP; CREB, cAMP response element-binding protein) in-
teraction inhibitor ICG-001 and activated under normoxia
with the GSK-3f inhibitor lithium chloride as a support-
ive pharmacological probe. This approach tested whether
altering pathway activity was accompanied by correspond-
ing changes in C/EBPa, pro-SP-C and AQPS5, while genetic
manipulation of B-catenin provided a specificity test be-
yond pharmacology alone. B-catenin itself was silenced un-
der hyperoxia and overexpressed under normoxia to exam-
ine the direction of the functional association genetically.
Central to the argument, C/EBPa was knocked down while
Wnt was inhibited and, conversely, restored under contin-
ued hyperoxia without pharmacological or genetic manip-
ulation of the pathway, to test whether increasing C/EBPa
alone could alterdifferentiation marker expression. The re-
sults support a model in which C/EBPa is likely involved
downstream of B-catenin signaling and contributes, though
not exclusively, to hyperoxia-associated changes in alveo-
lar differentiation marker expression.

Materials and Methods

Cell Line

RLE-6TN cells (rat alveolar type II-like epithelium)
were the sole cellular system used in this study. This spon-
taneously immortalized line, derived from alveolar type 11
cells of an adult male F344 rat, grew as an adherent mono-
layer with a polygonal, cobblestone-like epithelial mor-
phology, clear intercellular borders and a high nuclear-to-
cytoplasmic ratio, forming tightly packed islands that co-
alesced as confluence was approached. This appearance
was retained throughout the passage range used, and no
spindle-shaped or fibroblast-like subpopulations were ob-
served. The cell line was purchased from SUNNCELL
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(SNL-277, Wuhan, China), and was used between passages
5 and 15 after receipt. Growth conditions were DMEM/F-
12 base medium with 10% fetal bovine serum, 2 mM glu-
tamine and penicillin-streptomycin, held at 37 °C under 5%
CO,/21% O,. Subculture was performed at 80-90% den-
sity. Every experiment began with cells plated 24 h earlier
and treated once they had reached 60-70% density. Cul-
tures were screened for Mycoplasma contamination. Every
experiment reported here was performed on cells that had
tested negative, and no anti-Mycoplasma agent was used at
any stage.

Oxygen Exposure

Hyperoxia was delivered in a sealed modular cham-
ber. Before each 48-h exposure, the chamber was purged
for 10 min with humidified 95% O,/5% CO, at 3—5 L/min,
then closed and returned to a 37 °C incubator. Purging was
repeated at 24 h to prevent drift in oxygen tension, and the
achieved concentration was verified using an in-line ana-
lyzer. Matched control plates were maintained for the same
48 h at 21% 0,/5% CO,. Medium was renewed in all
groups immediately before exposure to ensure that nutrient
status did not differ between experimental arms.

Drug Treatments

ICG-001 (HY-14428, MedChemExpress, Monmouth
Junction, NJ, USA) was diluted from DMSO stock into
growth medium (final 10 uM), and LiCl (HY-Y 0649, Med-
ChemExpress) was diluted from a sterile PBS stock (fi-
nal 20 mM). Both compounds were added at the start of
the 48-h exposure and remained in the medium through-
out. DMSO never exceeded 0.1% (v/v), and vehicle at this
concentration was added to all arms not receiving ICG-001.
LiCl was dissolved in sterile PBS, and an equivalent volume
of PBS was added to the corresponding control arms. No
iso-osmolar salt control, such as NaCl or KCl at a matched
concentration, was included; therefore, the contribution of
the osmotic and ionic load imposed by 20 mM LiCl can-
not be distinguished from that of GSK-3f inhibition in this
arm. Accordingly, this arm is treated as supportive phar-
macological evidence rather than as a specificity test (see
Limitations).

Gene Silencing and Forced Expression

Duplex siRNAs targeting the rat Ctnnb1 transcript (si-
B-catenin, sense 5'-AGUUAAUCAAAUUGACAACUG-
3’ antisense 5'-GUUGUCAAUUUGAUUAACUAU-
3) and rat Cebpa (si-C/EBPa, sense  5'-
UUCCUUAAUACUAAAACUGCC-3, anti-
sense 5'-CAGUUUUAGUAUUAAGGAAGU-
3", plus a scrambled non-targeting duplex (non-
targeting negative control siRNA [si-NC], sense 5'-
UUCUCCGAACGUGUCACGUTT-3, antisense  5'-
ACGUGACACGUUCGGAGAATT-3'), were obtained
from GenePharma (Shanghai, China). Overexpression
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constructs were designed by the authors and custom-
synthesized and cloned by GenePharma (Shanghai,
China). The complete coding sequence of rat Ctnnbl
(RefSeq NM 053357, encoding 781 amino acids) or
rat Cebpa (RefSeq NM 012524, encoding 358 amino
acids) was preceded by a Kozak consensus sequence,
carried no epitope tag, and was inserted into pcDNA3.1(+)
(V79020, Invitrogen, Carlsbad, CA, USA) under the
control of the cytomegalovirus (CMV) promoter, yielding
the overexpression constructs designated OE-B-catenin
and OE-C/EBPa, respectively, with the empty backbone
serving as the matched control (empty-vector control
[OE-NC]). Each construct was verified across the full
length of the insert and across both insert-vector junctions
by Sanger sequencing, and the reads were identical to the
corresponding RefSeq entries. Endotoxin-free plasmid
DNA was prepared and quantified spectrophotometrically
before use.

Transfection used Lipofectamine 3000 (L3000015, In-
vitrogen) in six-well plates containing 2 mL of medium per
well. Duplex siRNA was delivered at a final concentration
of 50 nM per well with 5 uL of Lipofectamine 3000 reagent,
and plasmid DNA at 2.5 pg per well with 5 pL of Lipo-
fectamine 3000 reagent and 5 L of P3000 enhancer. To-
tal siRNA concentration and plasmid mass were kept con-
stant across all arms within each experiment. Complexes
were formed in serum-free Opti-MEM and applied to 60—
70% confluent monolayers. After 6 h, the medium was re-
placed with complete medium, and oxygen exposure began
24 h post-transfection. Efficiency was re-verified by im-
munoblot in every independent run rather than only once at
the outset. Protein was used as the primary measure of ef-
ficiency because B-catenin abundance is regulated chiefly
by post-translational stability and because transcripts de-
rived from the CMV-driven constructs, which lack the na-
tive untranslated regions, cannot be distinguished from en-
dogenous transcripts using primers located within the cod-
ing sequence. Throughout the manuscript, gene symbols
(Ctnnbl, Cebpa, Axin2, Sfipc, Agp5) denote transcripts,
whereas B-catenin and C/EBPa denote the corresponding
proteins. The si- and OE- prefixes designate experimental
arms, which are named after the protein affected rather than
the transcript targeted.

Transcript Quantification

TRIzol lysis (DP424, TIANGEN, Beijing, China)
yielded total RNA, and only preparations with an
A260/A280 ratio between 1.8 and 2.1 were carried for-
ward. One png per sample was reverse-transcribed, and the
resulting cDNA was amplified with a SYBR Green chem-
istry (FP205, TIANGEN, Beijing, China). Product identity
was confirmed by melt-curve inspection at the end of each
run. Gapdh served as the internal reference, and relative
abundance was calculated using the 2724¢t method, with the
mean of the relevant control arm defined as unity. Each
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Table 1. Primers (rat).

Gene Forward (5'-3") Reverse (5'-3")

Axin2  CGAGCCTGGCTTCAGAAGAT CTCCTTGAAGTGGCCCAGAG
Cebpa TACCGAGTAGGGGGAGCAAA TGGTCCCAGTGTCTTCATCC

Sfipc  GGAGCACCGGAAACTCAGAA CTTATAGGCGGTCAGGAGCC
Agp5 CTGGCGGCCATCCTCTATTT CCCCAGCTGAGAGGATGTTG
Gapdh  ACGGGAAACCCATCACCATC CTCGTGGTTCACACCCATCA

Axin2, axis inhibition protein 2; Cebpa, CCAAT/enhancer-binding protein ao;

Sfipc, surfactant protein C; Agp5, aquaporin 5; Gapdh, glyceraldehyde-3-

phosphate dehydrogenase.

Table 2. Antibodies.

Target Source Dilution
Non-phospho (active) B-catenin 8814, Cell Signaling Technology, Danvers, MA, USA 1:1000
B-catenin, total ET1601-5, HUABIO, Woburn, MA, USA 1:1000
C/EBPa bs-1630R, Beijing Biosynthesis Biotechnology Co., Ltd., Beijing, China 1:1000
pro-SP-C bsm-54814R, Beijing Biosynthesis Biotechnology Co., Ltd., Beijing, China  1:1000
AQP5 20334-1-AP, Proteintech, Rosemont, IL, USA 1:1000
GAPDH 60004-1-Ig, Proteintech, Rosemont, IL, USA 1:5000
HRP anti-rabbit/anti-mouse 1gG ZB-2301/2305, ZS Golden Bridge, Beijing, China 1:2000

C/EBPa, CCAAT/enhancer-binding protein o; SP-C, surfactant protein C; HRP, horseradish peroxidase; IgG, im-

munoglobulin G.

biological sample was analyzed in three technical wells,
which were averaged before statistical treatment. Primer
sequences are listed in Table 1.

Immunoblotting

Monolayers were rinsed twice in chilled PBS and sol-
ubilized for 30 min on ice in RIPA buffer (P0013J, Bey-
otime, Shanghai, China) fortified with protease and phos-
phatase inhibitors (ST506, Beyotime, Shanghai, China).
Cleared lysates (12,000 xg, 15 min, 4 °C) were quantified
by bicinchoninic acid (BCA) assay, and 20-30 pg of pro-
tein per lane was heat-denatured (95 °C, 5 min), resolved
on 10-12% polyacrylamide gels (P0015, Beyotime, Shang-
hai, China), and transferred to 0.45 um PVDF (IPVH00010,
Millipore, Burlington, MA, USA). Blocking was performed
with 5% (w/v) skimmed milk in TBST for 1 h at ambi-
ent temperature. Primary antibodies (Table 2) were applied
overnight at 4 °C, followed by HRP-conjugated secondary
antibodies for 1 h at ambient temperature. Signals were then
developed using enhanced chemiluminescence. Densitom-
etry was performed using ImageJ (version 1.54b, National
Institutes of Health, Bethesda, MD, USA). Each target band
was first normalized to GAPDH on the same membrane and
then scaled to the control arm of that experiment.

Pathway activation was read with an anti-
body recognizing non-phospho (active) B-catenin at
Ser33/Ser37/Thr41, whereas knockdown and overex-
pression efficiency was assessed using a total f-catenin
antibody.

Apoptosis Measurement

At the end of the 48-h exposure, cells were harvested
using ethylenediaminetetraacetic acid (EDTA)-free trypsin,
washed twice with cold PBS (G4202, Servicebio, Wuhan,
China), and resuspended at approximately 1 x 10%/mL in
binding buffer. Annexin V-FITC and propidium iodide (5
puL each; AP101, LIANKE, Hangzhou, China) were added,
and the suspensions were incubated for 15 min in the dark
at ambient temperature before acquisition within the hour.
Annexin V signal was collected in the FITC-A channel and
PI in the ECD-A channel (CytoFLEX, Beckman Coulter,
Inc., Brea, CA, USA). At least 10,000 events were recorded
per tube. Quadrant boundaries were set using unstained and
single-stained tubes prepared in parallel. The apoptotic in-
dex is the sum of the Annexin V*/PI" and Annexin V*/PI"
fractions. Apoptosis was quantified in the normoxia and hy-
peroxia arms only. Viability and proliferation were not as-
sessed in the pharmacological or genetic intervention arms.

Statistical Analysis

Three independent replicates underlie every value,
and results are presented as mean = SD. Distributional as-
sumptions were assessed before statistical testing using the
Shapiro-Wilk test for normality and Levene’s test for homo-
geneity of variances. Comparisons involving three or more
groups were performed by one-way ANOVA with Tukey’s
correction. Two-arm comparisons used an unpaired, two-
tailed #-test. Analyses were performed using GraphPad
Prism (version 10.1.2, GraphPad Software, Boston, MA,
USA), with two-tailed p < 0.05 considered statistically sig-
nificant.
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Results

Hyperoxia Is Associated With Increased Canonical
Wnt Signaling Readouts and Reduced C/EBPo. and
Alveolar Differentiation Marker Expression

Rat AT2-like RLE-6TN cells were maintained under
95% O, for 48 h to model hyperoxic epithelial injury in
vitro. Active (non-phospho) B-catenin protein accumulated
relative to normoxic cultures (p < 0.001; Fig. 1A,B), and
transcription of the pathway target Axin2 increased in par-
allel (p <0.001; Fig. 1C).

Differentiation-related marker expression moved in
the opposite direction. C/EBPa decreased under hyperoxia
at both protein and transcript levels (both p < 0.001; Fig.
1A—C). The alveolar markers pro-SP-C (AT2-associated)
and AQPS5 (AT1-associated) also declined (both p < 0.001;
Fig. 1A,B). Annexin V-FITC/PI staining confirmed that
the model also exhibited the expected cytotoxic component,
with the apoptotic fraction being higher after hyperoxia than
under normoxia (p < 0.001; Fig. 1D).

The functional association between Wnt activity and
changes in differentiation marker expression was evalu-
ated pharmacologically in both directions. Adding the -
catenin/CBP interaction inhibitor ICG-001 throughout the
hyperoxic exposure left the pool of active B-catenin essen-
tially unchanged (no significant difference from hyperoxia
alone; Fig. 1A,B) yet reduced pathway output, as indicated
by Axin2 expression (p < 0.001 vs. hyperoxia; Fig. 1C).
This dissociation is consistent with the point at which the
compound acts: the transcriptional complex rather than f3-
catenin stabilization itself. Against this background, ICG-
001 increased C/EBPa protein and Cebpa mRNA, and like-
wise increased pro-SP-C and AQPS, in each case signifi-
cantly above levels in the untreated hyperoxia group (all p
<0.001; Fig. 1A-C).

Exposing normoxic cells to the GSK-3B inhibitor
lithium chloride, without an oxidant challenge, increased
active f-catenin and Axin2 while simultaneously reducing
C/EBPa protein, Cebpa mRNA, pro-SP-C and AQPS rel-
ative to untreated normoxic controls (all p < 0.001; Fig.
1A—C). Because no iso-osmolar salt control was included,
this arm establishes that pharmacological GSK-3f inhibi-
tion reproduces the hyperoxic pattern but does not by itself
demonstrate that the effect is Wnt-specific. That question
is addressed genetically below.

Hyperoxic activation of Wnt/B-catenin signaling was
associated with reduced C/EBPa and AT2/AT1 differentia-
tion marker expression. The pharmacological data are con-
sistent with increased pathway activity contributing to this
pattern, which was further examined in the genetic experi-
ments that follow.
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p-Catenin Perturbation Is Associated With Inverse
Changes in C/EBPo. and Alveolar Differentiation
Marker Expression

Pharmacology alone cannot establish the order of the
two events, so B-catenin itself was manipulated genetically
by silencing it in hyperoxia-exposed cells (si-B-catenin vs.
si-NC) and overexpressing it in normoxic cells (OE-f-
catenin vs. OE-NC). Immunoblotting confirmed that the
intended change in -catenin protein was achieved in each
case, with levels reduced after silencing and increased after
transfection (both p < 0.001; Fig. 2A,B). Axin2 changed in
the same direction as B-catenin in both arms (both » <0.001;
Fig. 2C), indicating that transcriptional output tracked f-
catenin levels. C/EBPa responded inversely, and did so
in both directions. Knocking down B-catenin under hy-
peroxia increased C/EBPa protein and Cebpa mRNA rel-
ative to their respective controls, whereas B-catenin over-
expression under normoxia reduced both (all p < 0.001;
Fig. 2A-C). Sfipc and Agp5 transcripts likewise increased
after B-catenin silencing under hyperoxia and decreased
after B-catenin overexpression under normoxia (all p <
0.001; Fig. 2C). These reciprocal perturbations therefore
produced mirror-image outcomes, supporting a model in
which C/EBPua is likely involved downstream of B-catenin
signaling, with corresponding changes in AT2- and AT1-
associated marker expression.

C/EBPao. Contributes to Wnt Inhibition Associated
Changes in Differentiation Marker Expression Under
Hyperoxia

Hyperoxia-exposed cells received ICG-001 together
with either control siRNA or siRNA targeting C/EBPa. As
before, ICG-001 increased C/EBPa protein relative to hy-
peroxia plus control siRNA (p < 0.001), whereas C/EBPa-
targeting siRNA abolished this increase, returning C/EBPa
to the level observed in the untreated hyperoxia group (p <
0.001 vs. hyperoxia + si-NC + ICG-001). This also con-
firmed effective knockdown (Fig. 3A).

ICG-001 increased Sfipc and Agp5 above the hyper-
oxia + si-NC group (both p <0.001), and silencing C/EBPa
markedly attenuated both increases (both p <0.001 vs. hy-
peroxia + si-NC + ICG-001; Fig. 3B). The attenuation was,
however, incomplete. Transcript levels in the si-C/EBPa
arm remained slightly above those in the hyperoxia + si-
NC group, suggesting that a component of the ICG-001 ef-
fect may be independent of C/EBPa. It is also important to
consider where the si-C/EBPa arm came to rest. Knock-
down did not reduce C/EBPa below its hyperoxic base-
line, but instead returned the protein to the level observed
in hyperoxia + si-NC (Fig. 3A). The hyperoxia + si-NC
arm therefore serves as a reference in which C/EBPa is low
and ICG-001 is absent, whereas the hyperoxia + si-C/EBPa
+ ICG-001 arm represents a condition in which C/EBPa
is similarly low but ICG-001 is present. Sfipc and Agp5
differed only marginally between these two arms, indicat-
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differentiation marker expression in RLE-6TN cells. (A) Densitometric quantification of active B-catenin, C/EBPa, pro-SP-C and
AQP5, normalized to GAPDH and expressed relative to normoxia. (B) Representative western blots. (C) gRT-PCR analysis of Axin2
and Cebpa, normalized to Gapdh. (D) Representative Annexin V-FITC/PI flow cytometry dot plots for the normoxia and hyperoxia
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Fig. 2. p-catenin perturbation is associated with inverse changes in C/EBPa and alveolar differentiation marker expression. [3-

catenin was silenced in hyperoxia-exposed cells (si-p-catenin versus si-NC) and overexpressed in normoxic cells (OE-B-catenin versus
OE-NC). (A) Representative immunoblots for B-catenin and C/EBPa. (B) Corresponding densitometry, normalized to GAPDH. (C)
qRT-PCR for Axin2, Cebpa, Sfipc and Agp5. Values are expressed as the mean + SD from three independent experiments. ***p < 0.001.

si-NC, non-targeting control siRNA; OE-NC, empty-vector control.

ing that the transcriptional benefit of ICG-001 was largely
lost once C/EBPa was maintained at its hyperoxic level.
This is consistent with C/EBPa contributing substantially to
the ICG-001-associated increase in marker expression, al-
though the comparison is indirect. A complementary over-
expression experiment tested whether increasing C/EBPa
alone could alter marker expression without pharmacolog-
ical or genetic manipulation of the pathway. Transfection
of the C/EBPa overexpression construct (OE-C/EBPa) into
hyperoxia-exposed cells increased C/EBPa protein relative
to empty vector (p < 0.001; Fig. 3C) and increased Sfipc
and AgpJ transcripts in the same cells (both p < 0.001; Fig.
3D), despite continued hyperoxic exposure. Pathway ac-
tivity was not measured in this arm, so the possibility that
increased C/EBPa itself altered Wnt output cannot be ex-

cluded. This result therefore shows that C/EBPa overex-
pression is associated with increased differentiation marker
expression under hyperoxia. It does not establish that path-
way activity remained unchanged or determine C/EBPa’s
position within the pathway.

Considered together with the loss-of-function data,
these findings support the interpretation that C/EBPa is
likely involved downstream of B-catenin signaling and con-
tributes to a substantial proportion of the effect of Wnt inhi-
bition on alveolar epithelial differentiation marker expres-
sion. The present design does not permit a formal test of
mediation, so this interpretation remains provisional.
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Fig. 3. C/EBPa contributes to Wnt inhibition-associated changes in differentiation marker expression under hyperoxia, and

C/EBPa overexpression increases these markers. (A) Immunoblot and densitometry of C/EBPa across hyperoxia + si-NC, hyperoxia
+ si-NC + ICG-001 and hyperoxia + si-C/EBPa + ICG-001. (B) Sftpc and Aqp5 transcripts in the same three arms. (C) Immunoblot
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(OE-C/EBPa). (D) Sftpc and Aqgp5 transcripts in the same two arms. Values are expressed as the mean + SD from three independent

experiments. ***p < 0.001.

Discussion

The transcriptional output of canonical Wnt signaling
and the abundance of C/EBPa moved in opposite directions,
regardless of which node was manipulated or in which di-
rection. Hyperoxia increased active B-catenin and Axin2
while reducing C/EBPa, pro-SP-C and AQPS5. Interrupting
B-catenin/CBP-dependent transcription during hyperoxia
reduced Axin2 and returned all three of these readouts part
of the way toward control values. B-catenin overexpression
under normoxia reproduced the hyperoxic pattern in the ab-
sence of oxidant exposure, and pharmacological GSK-3f
inhibition with lithium chloride produced a concordant re-
sult, which we regard as corroborative rather than as inde-
pendent proof of Wnt specificity. When C/EBPa was si-
lenced, the increase in Sfipc and Agp5 accompanying Wnt

inhibition was largely lost, whereas restoring C/EBPa alone
increased both transcripts under continuing hyperoxia with-
out direct manipulation of the pathway. Taken together,
these observations support a model in which C/EBPa is
likely involved downstream of B-catenin signaling and con-
tributes substantially to Wnt inhibition-associated changes
in differentiation marker expression. We regard this as
the parsimonious interpretation of the present dataset rather
than as a settled mechanism. We wish to be explicit about
what the present design can and cannot support. Because
C/EBPa was silenced only in the presence of ICG-001, the
experiment does not provide a formal test of mediation be-
tween Wnt inhibition, C/EBPa and marker expression, and
no interaction term between Wnt inhibition and C/EBPa si-
lencing could be estimated. What the data show is that the
effect of Wnt inhibition on differentiation marker expres-
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sion is largely absent when C/EBPa is held at its hyperoxic
level, and that C/EBPa overexpression alone increases the
same transcripts under continuing hyperoxia. These obser-
vations are consistent with a contributory role for C/EBPa,
but they do not demonstrate mediation. A second constraint
concerns the direction of the relationship. Neither active
B-catenin nor Axin2 was measured in cells overexpressing
C/EBPuo, so a reciprocal effect of C/EBPa on pathway out-
put cannot be excluded. We therefore describe C/EBPa as
likely involved downstream of B-catenin signaling, while
acknowledging that reciprocal effects cannot be excluded.
The directional evidence in this study comes from the -
catenin gain- and loss-of-function experiments, in which
Axin2 tracked B-catenin while Cebpa moved inversely in
both directions, rather than from the C/EBPa overexpres-
sion arm. The same caution applies to the interpretation
of the markers themselves. What was measured was the
abundance of Sfipc, Agp5, pro-SP-C and AQPS5 in the sur-
viving adherent population, and changes in their abundance
are not equivalent to changes in differentiation state. We
have therefore framed the results throughout as changes in
differentiation marker expression.

That C/EBPa is important for alveolar epithelial mat-
uration is not in dispute. Epithelium-restricted deletion of
Cebpa in fetal mice arrests AT2-cell maturation and pre-
vents the emergence of both differentiated AT1 cells and
mature, surfactant-secreting AT2 cells [21]. Adult mice in
which the gene is deleted after birth tolerate 95% oxygen
poorly, with disordered surfactant protein processing [23].
In cultured adult human AT2 cells, hyperoxia reduced both
C/EBPa and SP-C expression, whereas forced C/EBPa ex-
pression partially restored SP-C expression and cell prolif-
eration while limiting apoptosis [24]. Our data show a simi-
lar pattern. What has not been examined, to our knowledge,
is what contributes to reduced C/EBPa abundance when
the epithelium is exposed to oxygen. The present work ad-
dresses this question at the level of functional association.

The literature is not internally consistent regarding the
direction of the C/EBPa response. In neonatal mice, 72
hours of hyperoxia has been reported to increase C/EBPa,
with its silencing improving alveolar architecture through
enhanced epithelial proliferation [25], the opposite of what
we observed. Several differences distinguish the two set-
tings: an intact developing lung containing mesenchymal,
endothelial and immune compartments versus a single ep-
ithelial cell line in isolation; a developmental window of
active alveolarization versus a cell line derived from adult
rat lung; whole-organ homogenate versus a single cell type;
and architectural outcomes versus marker abundance. We
cannot adjudicate between these findings, and we do not
interpret our data as contradicting the in vivo report. One
plausible reconciliation is that C/EBPa supports matura-
tion while suppressing proliferation, such that the same
change in its abundance can appear protective or harmful
depending on whether the dominant tissue phenotype re-
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flects maturation-related changes or cell number. Testing
this possibility would require the two systems to be com-
pared side by side.

That ICG-001 lowered Axin2 without measurably
changing the amount of active B-catenin is consistent with
the compound’s mechanism rather than being an inconsis-
tency. ICG-001 disrupts the interaction between p-catenin
and CBP downstream of the point at which B-catenin es-
capes degradation, while leaving the alternative B-catenin-
p300 complex comparatively intact. Pathway output there-
fore falls without a corresponding reduction in the pool of
stabilized protein. The dissociation between these two read-
outs is thus best regarded as internal evidence that the drug
acted at the expected point in the pathway, and it is one rea-
son why the genetic experiment was necessary (see Limita-
tions).

The direction we observed is compatible with what is
known about Wnt activity during normal alveolarization. A
postnatal wave of canonical Wnt signaling maintains AT2
identity, proliferation and progenitor capacity, whereas re-
duced Wnt exposure permits AT2-lineage cells to adopt an
AT1 fate [29]. On this view, differentiation requires the
signal to be withdrawn on schedule, and sustained Wnt ac-
tivity would be expected to hold cells short of a fully ma-
ture state, consistent with the pattern produced by our hy-
peroxia model. A precedent for this antagonism also ex-
ists outside the lung: canonical Wnt signaling restrains adi-
pogenic commitment and differentiation, in part by sup-
pressing the C/EBPa-peroxisome proliferator-activated re-
ceptor gamma (PPARY) transcriptional program, while 3-
catenin-TCF signaling reduces CEBPA expression in liver
cancer cells [33,34]. Whether the same regulatory logic op-
erates at the rat Cebpa locus in alveolar epithelium was not
tested here. The relationship observed here should there-
fore be understood as a functional association supported by
perturbation experiments, not as evidence of direct physical
or transcriptional regulation (see Limitations).

Limitations

These findings should be interpreted in light of sev-
eral limitations. First, the cellular system is narrow. RLE-
6TN cells are an immortalized line of adult rat origin stud-
ied in isolation, whereas bronchopulmonary dysplasia is a
disorder of the developing lung in which epithelial matu-
ration is coordinated with mesenchymal, endothelial and
immune compartments and is further influenced by inflam-
mation and mechanical stretch. An adult-derived cell line
also cannot reproduce the developmental window during
which alveolarization occurs. Nothing in these experiments
addresses alveolar architecture, and no inference regard-
ing clinical management or the therapeutic use of Wnt in-
hibitors follows from them.

Second, the C/EBPa silencing experiment was not a
full factorial design. C/EBPa was silenced only in the pres-
ence of ICG-001, and a hyperoxia plus si-C/EBPo arm with-
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out ICG-001 was not included. Consequently, no formal in-
teraction term could be estimated, and the independent con-
tribution of C/EBPa knockdown under hyperoxia was not
measured directly. This experiment therefore cannot pro-
vide a formal test of mediation by C/EBPa, and we do not
describe it as an epistasis test. Our inference rests instead
on the observation that silencing returned C/EBPa to, rather
than below, its hyperoxic level, together with the indepen-
dent overexpression result obtained under hyperoxia.

Third, C/EBPa is not the only route. Silencing
C/EBPa reduced but did not eliminate the effect of ICG-
001 on Sftpc and Agp5, suggesting that other effectors may
also contribute to the effect of Wnt inhibition. C/EBPa
should therefore be viewed as one component of the re-
sponse rather than as the sole link between Wnt inhibition
and marker expression.

Fourth, the readouts are asymmetrically distributed
across the experiments. Differentiation markers were as-
sessed at the protein level only in the pharmacological arms,
whereas the genetic arms relied on transcript data alone.
Discordance between transcript and protein levels cannot
be excluded in those experiments.

Fifth, the relationship may not be strictly unidirec-
tional. Neither active B-catenin nor Axin2 was measured
in cells overexpressing C/EBPa, so an effect of C/EBPa
on pathway output cannot be excluded, and the two nodes
may be mutually rather than unidirectionally coupled. We
therefore describe C/EBPa as likely involved downstream
of B-catenin signaling while acknowledging possible reci-
procity, and interpret the overexpression result only as evi-
dence that increasing C/EBPa. can increase marker expres-
sion under continuing hyperoxia, not as evidence of its po-
sition within the pathway.

Sixth, the mechanism at the Cebpa locus was not re-
solved. Promoter reporter assays and chromatin immuno-
precipitation were not performed, and the present data
cannot distinguish direct transcriptional repression by [-
catenin-TCF from an indirect mechanism involving inter-
mediate factors.

Seventh, the pharmacological tools have important
limitations. ICG-001 disrupts the B-catenin-CBP interac-
tion while leaving the alternative B-catenin-p300 complex
comparatively intact, so this arm interrogated one branch
of B-catenin-dependent transcription rather than the path-
way in its entirety. Lithium chloride inhibits GSK-3f but
is not a selective Wnt agonist, and no iso-osmolar salt con-
trol was included. Osmotic, ionic and GSK-3f-independent
effects of 20 mM LiCl therefore cannot be excluded. We ac-
cordingly do not treat this arm as evidence of Wnt-specific
activation. Rather, it is presented as supportive pharmaco-
logical evidence, with the corresponding conclusion rest-
ing primarily on the genetic gain-of-function experiment,
in which B-catenin overexpression under normoxia repro-
duced the same pattern without pharmacological interven-
tion.

Eighth, marker abundance is not equivalent to lineage
identity, and differences in cell survival provide a compet-
ing explanation. Higher Agp5 expression in a type 1I-like
cell line is consistent with a shift toward a type I program,
but in the absence of lineage tracing or functional readouts,
it cannot be equated with completed transdifferentiation.
Hyperoxia increased the apoptotic fraction approximately
threefold, while apoptosis, viability and proliferation were
not assessed in any of the pharmacological or genetic inter-
vention arms. Therefore, we cannot exclude the possibility
that differences in the size or composition of the surviving
population contributed to the observed changes in marker
expression. Transcript and protein measurements were nor-
malized to Gapdh and GAPDH, respectively, in surviving
adherent cells, so a uniform reduction in cell number would
not by itself alter normalized abundance; a selective loss
of differentiated cells would be required. That possibility
nevertheless remains open. Throughout the manuscript, we
therefore describe the interventions as altering the expres-
sion of differentiation-related markers rather than as pro-
moting, restoring or inhibiting differentiation itself.

Future Directions

Enthusiasm for pathway blockade should be tempered
by the fact that Wnt signaling sustains type II cell self-
renewal and contributes to epithelial repair. Its suppres-
sion may therefore trade maturation against regenerative
capacity, making the timing and degree of any interven-
tion important. Within the present system, the most in-
formative next steps would be to complete the C/EBPa si-
lencing experiment as a full factorial design, crossing hy-
peroxia + ICG-001 with =+ si-C/EBPa and including a for-
mal interaction term; to add an Axin2 measurement to the
C/EBPa overexpression arm; and to pair marker measure-
ments with viability and proliferation assays in every inter-
vention arm. These additions would allow the independent
and combined contributions of Wnt inhibition and C/EBPa
silencing to be better resolved and would more directly test
whether C/EBPa contributes to the effect of Wnt inhibi-
tion. Beyond this system, primary type II cells or alveo-
lar organoids would test whether the relationship persists
outside a transformed cell line. A neonatal rodent hyper-
oxia model with morphometric endpoints would establish
whether it operates during alveolarization and translates
into changes in lung architecture. Epithelium-specific ma-
nipulation of B-catenin would reduce the ambiguity inherent
in systemic pharmacology, while reporter and chromatin
assays at the Cebpa locus would determine whether the 3-
catenin-C/EBPa relationship involves direct transcriptional
regulation.

Conclusions

In hyperoxia-exposed rat alveolar type Il-like cells,
canonical Wnt/B-catenin activity and C/EBPa abundance
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were inversely associated across the perturbation experi-
ments, and C/EBPa appears to contribute substantially to
Wnt inhibition-associated increases in type Il and type I
differentiation marker expression. These findings support
a functional B-catenin-C/EBPa relationship that may con-
tribute to hyperoxia-associated changes in alveolar differ-
entiation marker expression. Confirmation of pathway or-
der, directness and relevance in developing lung tissue will
require additional mechanistic and in vivo studies.
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