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E3 ubiquitin ligase RFWD2 controls lung branching
through protein-level regulation of ETV

transcription factors

Yan Zhang?, Shigetoshi Yokoyama®', John C. Herriges®, Zhen Zhang®?, Randee E. Young?, Jamie M. Verheyden?,

and Xin Sun®3

®Laboratory of Genetics, Department of Medical Genetics, University of Wisconsin-Madison, Madison, WI 53706

Edited by Clifford J. Tabin, Harvard Medical School, Boston, MA, and approved May 17, 2016 (received for review February 28, 2016)

The mammalian lung is an elaborate branching organ, and it forms
following a highly stereotypical morphogenesis program. It is well
established that precise control at the transcript level is a key genetic
underpinning of lung branching. In comparison, little is known about
how regulation at the protein level may play a role. Ring finger and
WD domain 2 (RFWD2, also termed COP1) is an E3 ubiquitin ligase
that modifies specific target proteins, priming their degradation via
the ubiquitin proteasome system. RFWD2 is known to function in the
adult in pathogenic processes such as tumorigenesis. Here, we show
that prenatal inactivation of Rfwd2 gene in the lung epithelium led
to a striking halt in branching morphogenesis shortly after secondary
branch formation. This defect is accompanied by distalization of the
lung epithelium while growth and cellular differentiation still oc-
curred. In the mutant lung, two E26 transformation-specific (ETS)
transcription factors essential for normal lung branching, ETS trans-
location variant 4 (ETV4) and ETV5, were up-regulated at the protein
level, but not at the transcript level. Introduction of Etv loss-of-func-
tion alleles into the Rfwd2 mutant background attenuated the
branching phenotype, suggesting that RFWD2 functions, at least in
part, through degrading ETV proteins. Because a number of E3 li-
gases are known to target factors important for lung development,
our findings provide a preview of protein-level regulatory network
essential for lung branching morphogenesis.

lung branching | RFWD2 | COP1 | ETV transcription factors |
E3 ubiquitin ligases

he vital role of the mammalian lung as a gas-exchange organ
is built on the basis of a remarkably elaborate branching
sequence during lung development. In the mouse, lung devel-
opment initiates at embryonic day (E) 9.5 with the formation of
two primary lung buds (1, 2). Subsequently, these lung buds
elongate and undergo multiple rounds of branching, following a
largely stereotyped routine (3, 4). Extensive feedback regulations
at the level of transcription have been shown to play central roles
in branching (1, 2). In comparison, little is known on how control
at the protein level is required for the process in vivo. One study
showed that overexpression of SMAD specific ubiquitin protein
ligase 1 (Smurfl) led to down-regulation of SMAD family
members and a branching defect in lung explant culture (5).
The ubiquitin proteasome system is a fundamental molecular
mechanism that controls protein homeostasis. Selective degradation
of protein substrates by this system involves sequential function of
three classes of enzymes: ubiquitin-activating enzyme E1, ubiquitin-
conjugating enzyme E2, and ubiquitin-protein ligase E3 (6, 7). In a
mammalian organism such as the mouse, although there are only a
handful of E1 and E2 enzymes that act in the core pathway to mark
all protein substrates, there are several hundred E3 ubiquitin ligases,
each with a small set of substrates, thus providing specificity (8).
E3 ubiquitin ligase Ring finger and WD domain 2 (RFWD2,
also known as COP1) was first identified as a regulator in the
light signaling pathway in Arabidopsis thaliana (9). Subsequently,
RFWD?2 was shown to be conserved in mammals and to function
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as a tumor suppressor that regulates the degradation of various
oncogenic factors, including JUN, p53, C/EBPa, MTA1, and the
PEAS3 family of ETS transcription factors (ETV1, ETV4, and
ETV5) (10-16). We recently showed that two of the ETV fac-
tors, ETV4 and ETVS, play critical roles in the lung epithelium
to control branching (17). In the present study, we tested the
hypothesis that RFWD?2, acting through ETVs, regulates lung
branching morphogenesis.

Herein, we report that conditional inactivation of Rfwd?2 gene in
murine lung epithelium halted lung branching morphogenesis
shortly after secondary branch formation. The mutant lungs
showed increased ETVS protein despite decreased Efv5 transcript.
The lung branching defect can be partially reversed by inactivating
Et5 in the Rfwd2 mutant background. Our data demonstrate that
protein-level regulation via the ubiquitin proteasome system is
critical for lung branching morphogenesis, and that REFWD?2 acts
in this process, at least in part, through controlling ETVS.

Results

Rfwd2 Is Highly Expressed in the Lung Epithelium During Active
Branching. To address the requirement for Rfwd2 in lung devel-
opment, we examined its spatial and temporal expression pat-
terns in embryonic mouse lungs. By quantitative real-time PCR
(qRT-PCR), we found that the Rfwd2 transcript level was
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conducting air to 300 million gas-exchange units. An organ of
such complex architecture is nevertheless constructed with robust
precision, the result of a largely stereotypical branching sequence.
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how control at the protein level may play a role remains poorly
understood. The function of the ubiquitin proteasome system in
the lung has primarily been studied in pathological settings in the
adult. Here, we show that inactivation of Ring finger and WD
domain 2 (RFWD2) led to a profound lung branching defect
through misregulation of ETV transcription factors. These findings
predict a protein-level regulatory network essential for the con-
struction of a functional lung.
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Fig. 1. Rfwd2 is expressed in the developing lung epithelium, and in-
activation leads to lung defects and lethality at birth. (A) gRT-PCR of Rfwd2
mRNA levels in wild-type lungs from E11.5 to postnatal day (P) 42 (adult).
Data were normalized to Actb (also termed f-actin) and then to the ex-
pression level at E11.5. The quantification was carried out in n > 3 samples
for each stage. *P < 0.05. (B) Western blot of RFWD2 protein levels in wild-
type lungs at E11.5, E12.5, and E13.5. ACTB was used as a loading control. (C)
Representative whole-mount RNA in situ hybridization of Rfwd2 in E12.5
wild-type lung indicating expression primarily in the lung epithelium. Intact
pups (D and E), whole lung (F and G), or H&E-stained sections (H and /) of
controls and Shhcre;Rfwd2 mutants at birth are shown. Arrowheads indicate
large air sacs. (Scale bars: 500 pm.)

significantly increased from E11.5 to E12.5, as the lung initiates
secondary branching (Fig. 14). This increase was verified at the
protein level by Western blot analysis (Fig. 1B). Interestingly,
Rfwd2 mRNA expression was reduced by ~30% after birth
compared with E18.5, indicating that the highest Rfwd2 expres-
sion is during fetal lung development. By whole-mount RNA in
situ hybridization, we found that Rfiwd2 expression was primarily
detected in the lung epithelium at E12.5, when the lung is un-
dergoing branching morphogenesis (Fig. 1C).

Inactivation of Rfwd2 Resulted in Lung Branching Defects. Rfivd2
global knockout mutants die by E11.5, before lung branching
(12). To determine if Rfwd2 is required in the lung epithelium
for proper lung branching, we conditionally inactivated Rfwd2
using sonic hedgehog cre (Shh“), which is active in the early
embryonic lun /% epithelium (18). We crossed a floxed allele of
Rfwd2 (Rfwd2") to Shh™, generating Shh“*"*;Rfwd2*" (hereaf-
ter Shhcre;Rfwd2) mutants (16). These mutants survived em-
bryogenesis but exhibited respiratory distress shortly after birth,

and all died with a cyanotic phenotype (Fig. 1 D and E). Mutant
lungs were similar in overall size compared with controls (Fig. 1
F and G). However, there were large air-filled saccules in the
Shhcre;Rfwd2 mutant lungs, leading to a drastic reduction of gas-
exchange surface area, a likely reason for lethality at birth (Fig. 1
H and I). These results indicate that Rfwd2 is essential in the
epithelium for the formation of a functional lung.

In tracing back the origin of lung defects, we found that
Shhcre;Rfwd2 mutant lungs are morphologically distinct from
controls as early as E11.5, at the start of secondary branching
(Fig. 2.4 and B). In the E11.5 control lung, the lateral secondary
branches of the left lobe are perpendicular to the main bronchi
and close to parallel with each other (Fig. 24, L1 and L2).
However, in the mutant, L1 and L2 have a wider base, and the
angle between them becomes obtuse (Fig. 2B, L1’ and L2’).
Several other tips were also dilated in the mutant lungs com-
pared with controls. Between E11.5 and E13.5, as control lungs
underwent stereotyped branching, mutant lungs stopped new
branch generation but continued with lumen enlargement, such
that the overall lung size is not different from controls (Fig. 2 C-H).
Taken together, these results indicate that Rfiwd2 is essential in the
lung epithelium for proper branching morphogenesis.

Inactivation of Rfwd2 Altered Proximal-Distal Airway Patterning. To
investigate if Rfwd?2 plays a role in lung patterning, we carried out
expression analysis using the earliest markers: SRY-box 2 (Sox2)
for proximal epithelium and SRY-box 9 (Sox9) for distal epithe-
lium (19-22). In the E12.5 control lung, Sox2 was observed in the
trachea, extrapulmonary bronchi, and proximal intrapulmonary
epithelium (Fig. 34). In contrast in the E12.5 Shhcre;Rfwd2 mutant
lung, Sox2 was primarily restricted to the trachea and extrapulmonary
bronchi (Fig. 3B). Conversely, although Sox9 was expressed in
the distal epithelium in the control lung, it was expanded to
most of the lung epithelium in the mutant (Fig. 3 C and D).
These changes detected by RNA in situ hybridization were
further supported by data from qRT-PCR showing decreased
Sox2 and increased Sox9 mRNA levels in Shhcre;Rfwd2 mutants
compared with controls (Fig. 3E).

We next addressed whether loss of Rfwd?2 affects epithelial cell
differentiation at E18.5. All analyzed cell types, including airway
cell types, such as club cells, ciliated cells, pulmonary neuroen-
docrine cells, and basal cells, as well as alveolar cell types, such as
type I and type II cells, appear present in the Shhcre;Rfwd2 mu-
tants (Fig. S1). These results indicate that despite overall dis-
talization of the epithelium, loss of Rfwd2 does not prevent lung
epithelial cell differentiation.
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Fig. 2. Inactivation of Rfwd2 in the lung epithelium
results in defects in lung branching morphogenesis.
Representative control (A, C, E, and G) and Shhcre;
Rfwd2 mutant (B, D, F, and H) whole lungs from
E11.5 to E13.5 with the epithelium outlined by anti-
CDH1 (also termed E-cadherin) immunohistochemical
staining. (A and B) Red lines outline the epithelium
between lateral secondary branch (L) 1 and L2. (Scale
bars: 500 pm.)
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ETS Transcription Factors Are RFWD2 Substrates in Lung Epithelium.
To determine the molecular mechanism underlying RFWD2
function in lung development, we addressed if its target substrates
are affected in Shhcre;Rfwd2 mutants. ETS transcription factors,
including ETV1, ETV4, and ETVS, are reported substrates of
RFWD2 in adult prostate and pancreas (16, 23). Etv4 and Etv5, but
not Etvl, are expressed in the developing lung epithelium, similar to
Rfiwd2, raising the possibility that they may be RFWD?2 substrates in
the lung (Fig. 1C) (24-26). To test this possibility, we first in-
vestigated if ETV and RFWD?2 interact at the protein level. Mouse
lung epithelial MLE-12 cells were transfected with expression vector
encoding 3x FLAG-tagged ETV5 or an empty vector control. Im-
munoprecipitation of 3x FLAG-ETVS protein with an anti-FLAG
antibody led to coprecipitation of RFWD2 as detected on immu-
noblots with an anti-RFWD2 antibody, suggesting that ETV5 binds

to RFWD2 in cultured lung epithelial cells (Fig. 44).

To determine further if ETV proteins are REFWD2 substrates
in vivo, we generated whole-lung extracts from mutant and
control E12.5 lungs and examined protein levels of ETV4 and
ETVS by Western blot. As shown in Fig. 48, ETV4 and ETVS
were more abundant in Shhcre;Rfwd2 lungs. ETVS protein was
increased about sixfold, whereas CDH1 (also termed E-cadherin),
a general epithelial marker, remained unaltered (Fig. 4 B and C).
Importantly, the increase in ETV4 and ETVS5 protein was not due
to up-regulation in transcript level, because Env4 mRNA was
unaltered, whereas the Efv5 mRNA level was actually reduced in
the mutant to ~30% of the control (Fig. 4D). These data indicate
that RFWD?2 is required for the degradation of ETV4 and ETVS5

proteins in the branching lung.
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Inactivation of Etv5 Partially Attenuates Shhcre;Rfwd2 Branching
Phenotype. Previous studies showed that Etv genes are required
in the lung epithelium for proper branching morphogenesis,
raising the possibility that by being a substrate, they may mediate
RFWD2 function in the lung (17, 25). Our previous study in the Etv
mutant lungs showed that ETV can directly promote Shh expres-
sion in the distal epithelium, which, in turn, inhibits fibroblast
growth factor 10 (Fgf10) expression in the surrounding mesenchyme
(17). With the ETV increase in the Shhcre;Rfwd2 mutant, we
expected an increase of Shh expression and a decrease of Fgfl0
expression in this mutant. On the contrary, we found a decrease of
Shh and an increase of Fgfl0, suggesting that these genes may also
be regulated by additional RFWD2 downstream transcription
factors independent of ETV (Fig. S24). Indeed, the known Shh ac-
tivator genes Sox2 and forkhead box A2 (Foxa2) were both down-
regulated in Shhcre; Rfwd2 mutants, suggesting that changes such
genes may counteract the effect of ETV increase on Shh expression
(27, 28) (Fig. 3E and Fig. S24). Nevertheless, we found that treat-
ment of Shhcre;Rfwd2 lungs with SHH signaling agonist (SAG) in
culture attenuated the epithelial tip dilation phenotype, suggesting
that the decrease of SHH in the Shhcre;Rfiwd2 mutant contributes to
the branching phenotype (Fig. S2 B-I). Conversely, wild-type lungs
cultured in the presence of SAG show elevated Rfiwd2 transcripts,
suggesting that there is indirect feedback regulation between Rfwd2
and SHH signaling (Fig. S3).

Because Shh does not show the expected change in the Rfwd2
mutant lung, we searched for other potential ETV targets that may
act downstream of Rfwd2 function. We reasoned that these genes
should show opposite expression changes in the Rfwd2 mutants
versus the Efv mutants compared with their respective controls

Fig. 4. Inactivation of Rfwd2 led to increased ex-
pression of ETV4 and ETV5 proteins. (A) ETV5 is
immunoprecipitated in the same complex as RFWD2.
— T MLE-12 cells were transfected with 3x FLAG-ETV5
(+) or 3x FLAG control (=) expression vector, immu-
noprecipitated with an anti-FLAG antibody. Either
the immunoprecipitated products or inputs before
immunoprecipitation (IP) were immunoblotted with
the indicated antibodies. (B) Western blot of ETV4,
NS ETV5, and CDH1 proteins in E12.5 lungs with the
indicated genotypes. ACTB was used as a loading
control. (C) Quantification of Western blot normal-
ized to ACTB. The density of bands was measured
using the Image Studio Lite program. **P < 0.01. NS,
not significant. (D) Quantification of mRNA expres-
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[Gene Expression Omnibus (GEO) accession nos. GSE80707 and
GSE80734]. Comparison of the transcriptomes yielded 45 genes
that are changed in opposite directions (Table S1). Among them, 35
genes contained the common ETV binding motif (5'-GGAA/T-3")
in their 5" UTR regions (29) (Table S1). We also selected three of
these genes, cubilin (Cubn), parathyroid hormone-like peptide
(Pthih), and lipocalin 2 (Lcn2), and confirmed their expression
change by qRT-PCR (Fig. S4). All three genes have been shown
to be expressed in the lung epithelium, and Prhlh has been impli-
cated in lung development (30-33). This large cohort of genes with
the expected opposite expression changes in the two mutants is
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consistent with the possibility that ETV may be a key mediator of
RFWD?2 function in lung branching.

To test this possibility in vivo, we introduced Efv4 and Etv5
mutant alleles into the Rfwd2 mutant background (34, 35). Whole-
mount CDHI staining outlining the epithelium at E13.5 showed
that introduction of Efv5 mutant alleles led to dosage-dependent
increases in branch tip number and decreases in branch tip area,
with two copies of Etv5 exerting stronger effects than one copy
(Fig. 5). Further inactivation of Efv4 in addition to Ev5 did not
further improve the branching phenotypes (Fig. S5). Inactivation
of Etv5 also attenuated the proximal-distal airway patterning

*k%k

B R R 3
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Fig. 5. Introduction of Etv5 mutation allele partially reversed the Shhcre;Rfwd2 branching phenotype. (A-E) Representative E13.5 lungs of indicated genotypes

with the epithelium outlined by anti-CDH1 immunohistochemical staining. The boxed areas in A-E are shown at high magnification in A'—£’. Dashed lines indicated
the baselines of branch tips. (Scale bar: 500 pm.) (F) Introducing the Etv5 mutant allele attenuated the branch tip number phenotype. For quantifying tip number,
the epithelial tips of the left lobe were manually counted. Data were normalized to control samples. Quantification was carried out in n = 3 samples for each
genotype (tip number: 1.00 + 0.09 for controls, 0.03 + 0.004 for Shh®"*;Rfwd2'", 0.11 + 0.01 for Shh®*;Rfwd2*/";Etv5™*, 0.48 + 0.07 for Shh<"*"*;Rfwd2*/"!;
Etv5™" 0.62 + 0.05 for Shh®"*;Rfwd2™*;Etv5™f. P = 0.0014 for control versus Shh"®"*:Rfwd2*'" P = 0.0002 for Shh"*"*:Rfwd2*'" versus Shh<"e"*;Rfwd2*"":
Etv5™+, P = 0.005 for Shh®*;Rfwd2>/";Etv5™+ versus Shh<"®"*;Rfwd2*/":Ety5™). **p < 0.01; ***P < 0.001. (G) Introducing the Etv5 mutant allele also at-
tenuated the branch tip area phenotype. For quantifying the lung tip areas, lungs were imaged following whole-mount CDH1 staining. ImageJ (NIH) was used
to draw a free-form trace around each tip of left lobe such as the ones outlined, and the average area of the tips within the trace was measured. Data were
normalized to control samples. Quantification was carried out in n = 3 samples for each genotype (tip area: 1.0 + 0.26 for controls, 14.94 + 1.63 for Shh“®*;
Rfwd2* 569 + 1.31 for Shh®"*:Rfwd2*/™:Etv5™*, 2.36 + 0.24 for Shhe"*;Rfwd2*/":Etv5™" 0.88 + 0.05 for Shh®*;Rfwd2™*:Etv5™: P = 0.002 for control
versus Shh*;Rfwd2*", P = 0.0009 for Shh*"®"*;Rfwd2'" versus Shh**;Rfwd2*";Etv5™+, P = 0.022 for Shh**"*;Rfwd2*/":Etv5™* versus Shhe'*;Rfwd2*/";
Etv5™™), %P < 0.05; **P < 0.01.
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Fig. 6. Introduction of Etv5 mutant allele into the Shhcre,Rfwd2 mutant

attenuated the proximal-distal patterning defect. RNA in situ hybridization
for Sox2 or Sox9 at E12.5 in representative control (A and D), Shhcre;Rfwd2
mutant (B and E), and Shhcre;Rfwd2;Etv5 (C and F) mice. Filled arrowheads
indicate the distal points of Sox2 expression domain. Open arrowheads in-
dicate the proximal points of Sox9 expression domain. (Scale bar: 500 pm.)

phenotype in Shhcre;Rfwd2 mutants (Fig. 6). These results demon-
strate that the ETVS increase observed in the Shhcre;Rfwd2 mutant
significantly contributes to the branching and patterning defects.
We note that inactivation of Efv5 does not fully rescue the
branching defect, indicating that there must be additional genes
affected in the Rfwd2 mutants that contribute to its phenotype. For
example, in the Shhcre;Rfwd2 mutant lungs, the protein levels of
two other known RFWD?2 substrates, JUN and C/EBPA«, were
increased (12, 14) (Fig. S6). The transcript levels of other E3 ligases,
such as Nedd4l and Trim36, were increased (Fig. S7 and Table S2).
These factors have been shown to control signaling pathways that
function in lung development (36-39). Thus, their changes may
have an impact on the Shhcre;Rfwd2 phenotype in addition to ETV.

Discussion

Many of the studies of the ubiquitin proteasome system in the lung
have been focused on the adult lung in pathological settings, where
the E3 ligases are found to play essential roles in disease settings,
such as acute respiratory distress syndrome and chronic obstructive
pulmonary disease (40). Relatively little is known about how the
ubiquitin proteasome system functions in lung development. In the
present study, we show that genetic inactivation of E3 ligase gene
Rfwd2 in the embryonic lung epithelium led to a halt in branching,
respiratory failure, and death at birth. The mutant lung shows a
clear increase of ETV proteins, and inactivation of Env5 in Rfwd2
mutant background can partially rescue the branching defects.
These findings demonstrate a critical requirement for the ubiquitin
proteasome system in lung branching.

Before our study, RFWD2 has been shown to play important
roles in pathogenesis in the adult. In humans, both elevated and,
in rarer cases, reduced RFWD?2 expression has been described in
a wide spectrum of cancers in organs such as the breast, ovary,
liver, pancreas, and lung (12, 41-44). In mice, two genetic studies
provided strong evidence for a tumor suppressor role of RFWD2
(12, 16). Additionally, a recent study demonstrates that RFWD2
functions in the pancreas to facilitate insulin secretion from p cells
and maintain normal glucose homeostasis (23). Furthermore,
single-nucleotide polymorphism within Rfwd2 and decreased
transcript level were associated with increased susceptibility to
acrolein-induced acute lung injury in adult mice (45). Thus, in
addition to its essential role in lung branching, RFWD2 may play
important roles in adult lung diseases.

Our results support that ETVS is a substrate that mediates
RFWD?2 function in lung branching. However, the partial rescue
of the Rfwd2 phenotype by Etv5 suggests that there are additional
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substrates. We show here that the protein levels of JUN and
C/EBPAq are both increased in the Shhcre;Rfwd2 mutant (Fig. S6).
Genetic disruption of Jun in the alveolar epithelium promotes em-
physema with enlarged air spaces (36). Deletion of Cebpa gene in
respiratory epithelial cells delayed lung maturation and caused re-
spiratory failure at birth (37, 46, 47). Further genetic experiments
are needed to assess the specific contributions of these and
additional RFWD?2 substrates to the branching phenotype.

We expect that our findings are only revealing the tip of the
iceberg for the role of the ubiquitin proteasome system in lung
branching. It is well established that the stereotyped branching
program is dependent on precise cross-talk among multiple signaling
pathways, including SHH, FGF, WNT, BMP, and TGF-f (1, 2). A
number of E3 ubiquitin ligases have been identified to regulate sub-
strates within these signaling pathways, such as ITCH (targets pro-
tein patched homolog 1, SHH pathway), vHL [targets protein sprouty
homolog 2 (SPRY2), FGF pathway], NEDD4 (targets fibroblast
growth factor receptor 1, FGF pathway), RNF43 (targets transcrip-
tion factor 4, canonical WNT pathway), NEDDAL (targets segment
polarity protein dishevelled homolog DVL-2, canonical WNT path-
way), TRIM36 (unknown, targets noncanonical WNT pathway), and
SMURF1 and SMURF2 (target SMADs, TGF-f/BMP pathway)
(5, 38, 39, 48-52). These factors may function together with RFEWD2
to ensure order at the protein level during the construction of a
functional lung.

Materials and Methods

Mice. Embryos were harvested from time-mated mice, counting noon on
the day when the vaginal plug was found as E0.5. The alleles used in this
study have been described previously: Rfwd2" (16), Etv5™ (34), Etv4™ (35), and
Shh® (53). For generating the conditional mutant, males were heterozygous
for both cre and the conditional allele were mated to females homozygous for
the conditional allele. Cre with heterozygous conditional allele littermate
embryos were used as controls. All animal experimental procedures were
approved by the University of Wisconsin Animal Care and Use Committee.

In Vitro Lung Culture. Lungs were harvested at E11.5, placed on a Nuclepore
Track-Etched membrane (8 pm; Whatman), and cultured in DMEM-F12 (Gibco)
with penicillin and streptomycin (Sigma) at 37 °C in 5% CO; for 48 h. To study
the effect of signaling on Rfwd2 expression, a final concentration of SAG
(1 pM), cyclopamine (SHH signaling inhibitor, 500 nM), or FGF10 recombinant
protein (500 ng/mL) was added in the media. To study if an increase in SHH
activity would have an impact on the Shhcre;Rfwd2 phenotype, SAG was
added at a final concentration of 50 nM. DMSO was used as a vehicle control.

gRT-PCR. Lungs from a minimum of thee animals per genotype were individually
homogenized in TRIzol, and RNA was extracted using an RNeasy Plus Micro Kit
(Qiagen). cDNA was prepared with a SuperScript-lll First-Strand Synthesis System
(Invitrogen) and PCR-quantified using SYBRgreen (Applied Biosystems) and in an
ABI PRISM 7000 sequence detection system. Three technical and three biological
replicates were performed per genotype. The mRNA levels were normalized to
Actb mRNA levels and compared using a Student's t test. Results are reported as
mRNA quantity relative to control + SEM and considered statistically significant if
P < 0.05. The primers used are listed in SI Materials and Methods.

Western Blot Analysis. Tissues were lysed in radioimmunoprecipitation assay buffer
[50 mM Tris (pH 7.5), 150 mM Nadl, 1% Nonidet P-40, 0.5% sodium deoxycholate,
0.1% SDS, 1 mM EDTA] with protease inhibitor mixture (Roche). Soluble lysate was
denatured in LDS-sample buffer (Invitrogen) containing 50 mM DTT and separated
by 4-12% (wt/ivol) NUPAGE Bis-Tris gel (Invitrogen). After transfer, the PVDF
membrane was blocked in 5% nonfat milk and then incubated with a primary
antibody overnight, followed by blotting with a secondary antibody. The mem-
brane was then washed, and the proteins were visualized using a Licor Odyssey
Infrared Imaging System. The density of the bands was quantified using the Image
Studio Lite program. The antibodies used are listed in S/ Materials and Methods.

Whole-Mount in Situ mRNA Hybridization. Lungs were dissected in PBS, fixed in
4% paraformaldehyde overnight at 4 °C, and then dehydrated to 100% methanol.

Whole-mount in situ hybridization was carried out using established protocols (35).

Sectional Immunofluorescence Staining. Embryos were dissected in PBS solu-
tion, fixed in 4% paraformaldehyde overnight at 4 °C, processed for paraffin
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embedding, and sectioned at 5 pm. Immunofluorescence was carried out
using standard protocols and citric acid antigen retrieval. The antibodies
used are listed in S/ Materials and Methods.

Whole-Mount Immunohistochemical Staining. The staining was performed
following a previously published protocol (54). The branching tip area
quantification was carried out using a previously published method (17). The
antibodies used are listed in S/ Materials and Methods.

RNA-Sequencing. Total RNA was extracted from E13.5 mouse lungs and used in
the preparation of sequencing libraries with an lllumina Truseq RNA Library
Preparation Kit. For each group, three biological replicates were obtained.
Libraries were sequenced with an Illumina Hiseq 2500 Sequencer, and 100-bp
single-end sequences were generated. RNA-sequencing reads were mapped to
the mouse reference genome (GRCm38) using TopHat. Subsequently, expres-
sion quantification and differential expression analysis were performed using
Cuffdiff. Expression values were output in the form of fragments per kilobase
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of exon every million reads mapped. The full-sequence dataset was deposited in
the GEO database (accession no. GSE80707).

Immunoprecipitation. MLE-12 cells were transfected with plasmids containing
3% FLAG-tagged, full-length mouse Etv5 or control 3x FLAG by Lipofectamine
2000 (Invitrogen) following the manufacturer’s protocol. For immunoprecipi-
tation from cell lysates, we used immiscible filtration assisted by surface ten-
sion following a published protocol (55). Protein was eluted from the beads
using SDS loading buffer, and Western blot analysis was performed.
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