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SUMMARY
The shortage of donor lungs hinders lung transplantation, the only definitive option for patients with end-
stage lung disease. Blastocyst complementation enables the generation of transplantable organs from
pluripotent stem cells (PSCs) in animal models. Pancreases and kidneys have been generated from PSCs
by blastocyst complementation in rodent models. Here, we report the generation of lungs using mouse em-
bryonic stem cells (ESCs) in apneumic Fgf10 Ex1mut/Ex3mut mice by blastocyst complementation. Comple-
mentation with ESCs enables Fgf10-deficient mice to survive to adulthood without abnormalities. Both the
generated lung alveolar parenchyma and the interstitial portions, including vascular endothelial cells,
vascular and parabronchial smooth muscle cells, and connective tissue, largely originate from the injected
ESCs. These data suggest that Fgf10 Ex1mut/Ex3mut blastocysts provide an organ niche for lung generation
and that blastocyst complementation could be a viable approach for generating whole lungs.
INTRODUCTION

Lung transplantation is the only definitive option for patients with

end-stage lung disease and is performed worldwide with

steadily improving outcomes. However, a critical shortage of

donor lungs and graft rejection are issues that need to be over-

come. Bioengineered lungs created by recellularizing an acel-

lular whole-lung scaffold with endothelial and epithelial cells by

using a bioreactor transplanted orthotopically in animal models

have exhibited temporary gas exchange (Petersen et al., 2010;

Ott et al., 2010; Song et al., 2011; Nichols et al., 2018). Lungs

have also been generated from human-induced pluripotent

stem cell (PSC)-derived epithelial cells on native extracellular

matrices (Ghaedi et al., 2018). However, the generation of nor-

mally functioning lungs in vitro is considered impractical

because it remains difficult to replicate organogenesis in vitro

by adequately recellularizing the lung scaffold with appropriately
This is an open access article under the CC BY-N
differentiated stem cells (to repopulate the various lung cell phe-

notypes in their usual anatomic sites) (Farré et al., 2018; Meyer,

2018).

Blastocyst complementation shows promise for organ gener-

ation. Recipient blastocysts derived from mutant animals with

deficiencies in particular organs could provide organ niches for

developmental compensation by wild-type PSCs (Kobayashi

et al., 2010; Rashid et al., 2014; Yamaguchi et al., 2017; Usui

et al., 2012; Freedman, 2018; Goto et al., 2019). Indeed, the gen-

eration of PSC-derived pancreases in apancreatic Pdx1mut/mut

rodents by blastocyst complementation in an intra- or interspe-

cies setting was reported by Kobayashi et al., 2010; Yamaguchi

et al., 2017. The generated pancreases were composed almost

entirely of injected donor PSCs, with the exception of structures

not influenced by Pdx1 expression, such as vessels, nerves, and

some interstitial cells (Kobayashi et al., 2010; Yamaguchi et al.,

2017). Interestingly, when transplanted into mice with diabetes,
Cell Reports 31, 107626, May 12, 2020 ª 2020 The Author(s). 1
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Figure 1. Generation of Fgf10-Knockout Mice

(A) Schematic representation of target sites in Fgf10 by using the CRISPR-Cas9 system and mutations in the founder mouse. Protospacer and protospacer

adjacent motif (PAM) sequences are shown in blue and green text, respectively. The CRISPR-143 founder mouse had a 10-base deletion in Fgf10 Ex1 (red

dashes) and the CRISPR-563 founder mouse had a 1-base insertion in Fgf10 Ex3 (red letter).

(B) Fgf10 Ex1mut/Ex3mut neonate. (C) Sagittal micro-CT image of the Fgf10 Ex1mut/Ex3mut neonate. Scale bar, 2 mm. See also the continuous micro-CT images in

Videos 1 and 2 online.

(D) Macroscopic images of the tracheas, lungs, and hearts of Fgf10 wild/wild and Ex1mut/Ex3mut neonates. Left and right, back and front views, respectively. Scale

bar, 5 mm.

(E) H&E staining of the tissue section indicated by the white dotted line in the right panel of (D). The orange dotted line demarcates an atrium with a large atrial

appendage without lung tissue. Scale bar, 1 mm.
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islets derived from mouse PSCs by interspecies blastocyst

complementation normalized the host blood glucose level for

over 1 year without continuous immunosuppression (Yamaguchi

et al., 2017). Similarly, mouse PSC-derived generation of kidneys

was successful in anephric Sall1mut/mut models in allogenic (Usui

et al., 2012; Freedman, 2018) and interspecific (Goto et al., 2019)

settings.

Fibroblast growth factor 10 (Fgf10), a mesenchymal-epithelial

signaling molecule, is the key regulator of lung development.

Fgf10 is initially expressed in the splanchnic mesenchyme sur-

rounding the ventral foregut mesoderm at embryonic day 9.5

(E9.5), when the primary lung buds start to emerge, and is sub-

sequently restricted to the distal lung mesenchyme at sites

where branching occurs from E10.5 to E12.5 in mice (Bellusci

et al., 1997; Yuan et al., 2018). Fgf10 is essential for regulating

epithelial proliferation and lung branching morphogenesis

(Yuan et al., 2018; Sekine et al., 1999). Intriguingly, in the embry-

onic lung, Fgf10 directly and indirectly orchestrates the differen-

tiation of mesenchymal progenitors into multiple lineages,

including endothelium, parabronchial and vascular smooth mus-

cle cells, lipofibroblasts (LIFs), interstitial fibroblasts, alveolar

myofibroblasts, and nerve cells (Yuan et al., 2018; El Agha and

Bellusci, 2014; Chao et al., 2015; El Agha et al., 2014; Chao
2 Cell Reports 31, 107626, May 12, 2020
et al., 2019). The absence of Fgf10 or its receptor Fgfr2b in

mice results in lung deficiency, causing perinatal lethality, as

well as in limb and thyroid agenesis (Sekine et al., 1999; De

Moerlooze et al., 2000; Ohuchi et al., 2000). Therefore, Fgf10

deficiency may provide an ideal ‘‘organ niche’’ for generating

lungs from PSCs by blastocyst complementation.

Here, we report the generation of lungs frommouse embryonic

stem cells (ESCs) in apneumic Fgf10 Ex1mut/Ex3mut mice by

blastocyst complementation. Complementation with ESCs

enabled Fgf10-deficient mice to survive to adulthoodwithout ab-

normalities. The generated lungs (including not only the lung pa-

renchyma but also the blood vessels and connective tissues) in

Fgf10 Ex1mut/Ex3mut mice were composed largely of the injected

ESC-derived cells.

RESULTS

Generation and Characterization of Fgf10-Knockout
Mice
We first created Fgf10-knockout mice to provide the

necessary developmental niche for lung generation. As shown

in Figure 1, we developed Fgf10 Ex1�/� mice and Fgf10 Ex3�/�

mice (CRISPR-143: 10-base deletions in Ex1 and
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CRISPR-563: 1-base insertion in Ex3, respectively) (Yasue et al.,

2014) by microinjecting the clustered regularly interspaced short

palindromic repeats (CRISPR)-Cas9constructs into thecytoplasm

of mouse zygotes. Both Fgf10 Ex1�/� and Fgf10 Ex3�/� mice ex-

hibited limb and lung deficiencies, as did Fgf10-knockout mice

(Sekine et al., 1999; Yasue et al., 2014). Although the Fgf10

Ex1�/� or Fgf10 Ex3�/� mice can provide the necessary develop-

mental niche for generating lungs from wild-type ESCs, genotyp-

ing of the ESC-derived chimeric mice would be difficult because

wild-type DNA would be mixed in their bodies during the injection

of wild-type ESCs. In previous studies, sorting of recipient cells

and a single-recipient hematopoietic-stem-cell-derived colony

analysiswere performed to identify the genotypeof hostmice (Ko-

bayashi et al., 2010; Yamaguchi et al., 2017;Usui et al., 2012;Goto

et al., 2019); however, thesemethods are time-consuming and the

results can be inconclusive.We investigated the feasibility of using

compound heterozygous mutant (Fgf10 Ex1mut/Ex3mut) embryos

for ESCs injection to facilitate genotyping. We intercrossed

Fgf10 Ex1�/+ founder mice (CRISPR-143 line) with Fgf10 Ex3�/+

founder mice (CRISPR-563 line) by in vitro fertilization and ob-

tained 64 blastocysts. Those blastocysts were transferred into

the uteri of pseudopregnantmice, and 19 neonateswere obtained

(Table S1). Four neonates exhibited limb deficiencies (Figure 1B)

and died at birth. Genotyping revealed that these limb-deficient

neonates were derived from Fgf10 Ex1mut/Ex3mut embryos (Fig-

ure S1). Despite the small population, Fgf10 wild/wild, Fgf10

Ex1mut/Ex3wild, Fgf10 Ex1wild/Ex3mut, and Fgf10 Ex1mut/Ex3mut

mice were born at an almost-Mendelian ratio (Table S1). Gross

anatomy, hematoxylin and eosin (H&E) staining, and microcom-

puted tomography (micro-CT) analyses confirmed that all Fgf10

Ex1mut/Ex3mut neonates exhibited lung deficiency (Figures 1C–

1E and 2; Video S1) or severe lung hypoplasia (Video S2). Thus,

weusedtheFgf10Ex1mut/Ex3mut compoundheterozygousmutant

mice for lung generation byblastocyst complementation in subse-

quent experiments.

Generation of Lungs in Apneumic Fgf10 Ex1mut/Ex3mut

Mice
Wenextgenerated lungsbyusingwild-typegreenfluorescentpro-

tein (GFP)-positivemouseESCsbyblastocystcomplementation in

apneumicFgf10Ex1mut/Ex3mutmice.A total of 121blastocystsmi-

croinjected with ESCs was transferred into pseudopregnant

mouse uteri, and 43 neonates (36%) were obtained. Genotyping

revealed that Fgf10 wild/wild, Fgf10 Ex1mut/Ex3wild, Fgf10 Ex1wild/

Ex3mut, and Fgf10 Ex1mut/Ex3mut neonateswere born at aMende-

lian ratio (Table S2). A total of 20 of 43 neonates (47%) was identi-

fiedaschimerasbyconfirmingGFPexpression.All of thechimeras

exhibited a normal phenotypewithout limbdeficiencies. Genotyp-

ing revealed that 5 of 20 chimeras (40%) were derived from

Fgf10 Ex1mut/Ex3mut embryos (Tables 1 and S2). The Fgf10

Ex1mut/Ex3mut chimeras exhibited a significant body-weight gain

compared with Fgf10 wild-type and Fgf10 Ex1mut/Ex3mut mice,

whereas no significant difference was observed between the

groups of chimeric neonates (Figure S2B), which is consistent

with previous observations (Lan et al., 2016; Mori et al., 2019).

Macroscopic analysis and micro-CT confirmed the existence of

a lung in the thoracic cavity of the Fgf10 Ex1mut/Ex3mut chimeras

(Figures 2A and 2D; continuous CT images in Video 3). The lungs
of the Fgf10 Ex1mut/Ex3mut chimeras were grossly and histologi-

cally normal (Figures 2B, 2C, and S2A). Fgf10 Ex1mut/Ex3mut chi-

meras, as well as Ex1mut/Ex3wild chimeras, exhibited extremely

strong GFP expression, indicating the contribution of GFP-ex-

pressing ESCs in various organs (Figure 2A). Although GFP

expression in the lungwasweaker than that in skinand limbtissues

in chimeras (Figure 2A), the lung expressed GFP to a greater de-

gree than negative controls (Figure 2B). However, it was difficult

to distinguish the GFP expression level between Fgf10 Ex1mut/

Ex3mut and Ex1mut/Ex3wild chimeras at the neonate stage by using

either in macroscopic or microscopic analysis (Figure 2B).

Nevertheless, these results indicated that lungs were gener-

ated in apneumic Fgf10 Ex1mut/Ex3mut mice by blastocyst

complementation.

Complementation with Mouse ESCs Rescues the Fgf10
Ex1mut/Ex3mut Mice
Next, we investigated whether the Fgf10 Ex1mut/Ex3mut chimeric

mice could survive to adulthood. A total of 638microinjected em-

bryos was transferred into pseudopregnant mouse uteri, and

153 neonates (24%)were obtained (Tables 1 and S3). Confirming

GFP expression identified 76 neonates (50%) as chimeras, but

36 of them died at birth, whereas 16 of 40 live chimera neonates

survived until weaning. Notably, 5 of 16 weaned chimeric mice

were confirmed to be derived from compound heterozygous em-

bryos (Fgf10 Ex1mut/Ex3mut) by genomic analysis using the Sur-

veyor system and DNA sequencing (Figure S2). These five Fgf10

Ex1mut/Ex3mut chimeric mice survived well without any abnor-

malities in appearance, compared with Fgf10 wild/wild mice. No

respiratory symptoms, such as dyspnea or wheezes, were

observed in these compound heterozygous chimeric mice. For

histological analysis, Fgf10 Ex1mut/Ex3mut chimeric mice were

sacrificed 4 months after birth. As reported previously (Kobaya-

shi et al., 2010; Usui et al., 2012; Goto et al., 2019), the mouse

ESCs contributed to all of the tissues, including germ cells, to

various degrees and among individuals depending on the degree

of chimerism, as indicated by the different expression levels of

GFP (Figures 3A, 4, 5, S4, and S6). Fgf10 Ex1mut/Ex3mut chimeric

adult mouse no. 2 exhibited lower amplification of the frameshift

mutation sequence than other Fgf10 Ex1mut/Ex3mut chimeric

adult mice, such as no. 1, indicating that chimerism in mouse

no. 2 was relatively high (Figure S3C). Furthermore, in mouse

no. 2, DNA samples from lung tissues exhibited a low density

of cleaved bands and low amplification of the frameshift muta-

tion sequence, indicating that ESCs contributed substantially

to the lung tissues (Figures S4C and S5). This finding was vali-

dated by immunofluorescence staining. In contrast to the low

level of GFP expression in other tissues (Figure S6), strong

GFP expression was observed in almost all the lung tissue (Fig-

ures 3A, 4, and 5). These data demonstrated that organ defi-

ciencies in Fgf10 Ex1mut/Ex3mut mice could be rescued by

ESCs by blastocyst complementation, implying that it is feasible

to use ESCs to generate lungs in Fgf10 Ex1mut/Ex3mut mice.

Characterization of Lungs in Adult Fgf10 Ex1mut/Ex3mut

Chimeric Mice
No significant morphological changes were observed in the

lungs of Fgf10 Ex1mut/Ex3mut adult chimeras, compared with
Cell Reports 31, 107626, May 12, 2020 3



Figure 2. Generation of Mouse ESC-Derived Lung in Fgf10 Ex1mut/Ex3mut Mice by Blastocyst Complementation (Analysis at the Neonatal

Stage)

(A) Macroscopic phenotypes of Fgf10 Ex1wild/Ex3mut and Ex1mut/Ex3mut chimeric neonates comparedwith Fgf10 wild/wild and Ex1mut/Ex3mut neonates as controls.

Left, macroscopic appearance; right, macroscopic views after thoracotomy and laparotomy. White arrows indicate lung tissues. Top, bright-field images;

bottom, fluorescence images. Scale bars, 5 mm.

(B) The tracheas, lungs, and hearts extracted from control Fgf10 wild/wild, Ex1mut/Ex3wild, and Ex1mut/Ex3mut chimeric neonates. GFP expression in macro tissues

and frozen micro sections are shown in the middle and bottom panels, respectively. Scale bars, 5 mm in macro images and 50 mm for frozen sections.

(C) H&E staining of thoracic cross-sections of the Fgf10 wild/wild and Ex1mut/Ex3mut neonates and the Fgf10 Ex1mut/Ex3mut and Ex1wild/Ex3mut chimeric neonates.

Scale bar, 2 mm. The green dotted line indicates the lung. White arrows indicate the thymus.

(D) Axial micro-CT image of Fgf10 wild/wild and Ex1mut/Ex3mut neonates, and the Fgf10 Ex1mut/Ex3mut chimeric neonate. Scale bar, 2 mm. See also the continuous

micro-CT images in Videos 1, 2, and 3 online. The orange dotted line demarcates an atriumwith a large atrial appendage in an Fgf10 Ex1mut/Ex3mut mouse. Green

dotted lines indicate the lung. Yellow and red arrows indicate the esophagus and the thoracic aorta, respectively.
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adult Fgf10 wild/wild mice or Fgf10 Ex1wild/Ex3mut chimeras (Fig-

ure 3A). GFP was expressed in a diffuse manner across the

entire lung in Fgf10 Ex1mut/Ex3mut adult chimeras, and the

expression level was considerably stronger than that in cardiac
Table 1. Results of Blastocyst Complementation for Lung Generati

Analysis

Stage

No. of Blastocyst

Transferred

No. (%) of

Neonates

No. (%) of

Chimeric

Fetuses

No. (%) o

Chimeras

Weaned

Neonate 121 43 (36) 20 (47)

Adult 638 153 (24) 76 (50) 16 (21)

4 Cell Reports 31, 107626, May 12, 2020
tissue of the same mouse or lung tissue of adult Fgf10

Ex1wild/Ex3mut chimeric mice (Figure 3A). Lung tissues in adult

Fgf10 Ex1mut/Ex3mut chimeric mice were histologically normal

compared with those of adult Fgf10 wild/wild mice (Figures 3B
on

f No. by Genotype

No. (%) of Lung

Complemented

Wild/

Wild

Ex1 or Ex3

Hetero

Compound

Hetero

13 2 5 5 (100)

6 5 5 5 (100)



Figure 3. The Generation of a Mouse ESC-

Derived Lung in Fgf10 Ex1mut/Ex3mut Mice

by Blastocyst Complementation (Analysis

at the Adult Stage)

(A and B) Bright-field and GFP-fluorescence im-

ages of the lung (A) and H&E-stained images of

lung tissues from adult Fgf10 wild/wild mice and

Ex1wild/Ex3mut and Ex1mut/Ex3mut chimeric mice

(B). The blood in lung tissues was washed out by

infusing physiological saline into the right ventricle

before extraction. H, heart; L, larynx. White arrows

indicate the trachea. Scale bar, 5 mm for (A) and

100 mm for (B).
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and S4A). Parenchymal and interstitial cells in the lung of adult

Fgf10 Ex1mut/Ex3mut chimeric mice exhibited strong GFP fluo-

rescence (Figures 4 and 5). As shown in Figure 4, most of the

T1a-positive type I alveolar cells and surfactant protein C

(SPC)-positive type II alveolar cells were GFP positive, indi-

cating that these cells were mainly derived from ESCs. In

Fgf10 Ex1mut/Ex3mut chimeric adult mouse no. 2, almost the

entire population of SPC-positive cells (93.84% ± 4.46%)

(Data are presented as the means ± standard deviation.) and

the majority of Clara cell secretory protein (CCSP)-positive

club cells (77% ± 15.82%) in respiratory and terminal bronchi-

oles were GFP positive (Figure 4C). Notably, most of the CCSP-

negative epithelial cells (nonclub cells) in terminal bronchioles

also expressed GFP (Figure 4C). In addition, ciliated cells in

bronchioles were GFP positive (Figure S4D). The percentage

of GFP-positive club cells in the primary and lobe bronchi

was relatively low (65.05% ± 18.51%). In Fgf10 Ex1mut/Ex3mut

chimeric adult mouse no. 1, the percentages of SPC-positive

cells and CCSP-positive club cells in respiratory and terminal

bronchioles expressing GFP were relatively low (80.65% ±

9.72% and 72.2% ± 13.48%, respectively). The expression

pattern of thyroid transcription factor 1 (TTF-1), a member of

the homeodomain transcription factor family, in adult Fgf10

Ex1mut/Ex3mut chimeric mice was identical to that in Fgf10
wild/wild mice. Most of the TTF-1-positive cells were confirmed

to be GFP-positive (Figure 4A). Furthermore, most of the
CD31-positive cells strongly expressed

GFP (Figure 5A), indicating that the

vascular endothelial cells were derived

from ESCs. In the same manner, large

portions of the a-smooth muscle actin

(a-SMA)- and vimentin-positive cells

(Figures 5B–5D) were GFP positive, indi-

cating that the vascular and parabron-

chial smooth muscle cells, connective

tissues surrounding the blood vessels

and airway, and visceral pleura were

largely formed from the ESCs. bIII-

Tubulin-positive nerve cells were the

exception to this (Figure S4D). In

contrast, only a small portion of the

various lung tissues of adult Fgf10

Ex1wild/Ex3mut chimeric mice exhibited

expression of GFP (Figures 4 and 5).
These data indicated that the majority of the lungs was gener-

ated from mouse ESCs in adult Fgf10 Ex1mut/Ex3mut chimeric

mice by blastocyst complementation and matured normally.

DISCUSSION

We generated lung organs in apneumic Fgf10 Ex1mut/Ex3mut

mice by blastocyst complementation using mouse ESCs.

Some of these chimeric mice grew to adulthood with normal

phenotypes, although the efficacy of blastocyst complementa-

tion was low. The generated lungs were morphologically normal.

The cells in the generated lungs were a mixture of recipient cells

and GFP-positive ESCs.

Lung deficiency has been reported in several knockout mouse

models, as a result of disrupting molecules essential for lung

development. Knockout of Fgf10 caused lung agenesis,

whereas trachea formation remained (Sekine et al., 1999). The

absence of fibroblast growth factor receptor 2b (Fgfr2b), the

main Fgf10 receptor expressed in the epithelia of the developing

lung, results in lung, but not trachea, deficiency (De Moerlooze

et al., 2000; Ohuchi et al., 2000). Inactivation of Wnt/b-catenin

signaling by knockout of Ctnnb1, which encodes b-catenin ex-

pressed in the endoderm, results in a defect in the initial specifi-

cation of the primary lung and a complete absence of lung and

trachea development (Harris-Johnson et al., 2009; Goss et al.,

2009). These knockout mousemodels of lung deficiency provide
Cell Reports 31, 107626, May 12, 2020 5



Figure 4. Immunofluorescence Staining of Parenchymal Regions of Mouse ESC-Derived Lung Tissues from Adult Fgf10 Ex1mut/Ex3mut

Chimeric Mice

Lung parenchyma, including the alveoli, alveolar ducts, and respiratory bronchioles, were analyzed by staining with GFP (green) together with markers for various

lung lineages (red): TTF1 for type II alveolar cells and club cells (A), SPC for type II alveolar cells (B), CCSP for club cells (C), and T1a for type I alveolar cells (D).

Nuclei were stained with 40,6-diamidino-2-phenylindole (DAPI; blue). Fgf10 wild/wild mice and Fgf10 Ex1wild/Ex3mut chimeric mice were used as controls. The

rightmost panels show magnified views of the areas indicated by dotted lines in the panels to the left. White arrows indicate GFP-negative cells of various lin-

eages. White arrowheads indicate GFP-positive and CCSP-negative cells in terminal bronchioles. B, bronchioles; BV, blood vessel. Scale bars, 50 mm.
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an ideal opportunity for exploring lung generation by blastocyst

complementation.

Very recently, Mori et al. (2019) generated lungs by using

mouse PSCs in Fgfr2 conditional knockout mice by blastocyst

complementation. Because Fgfr2 is expressed in lung epithelial

cells and is indispensable for lung morphogenesis, the propor-

tion of GFP-positive cells was high (94.8% ± 2.1%) in lung

epithelial cells but relatively low (64.3% ± 24.7%) in lung mesen-

chymal cells. Therefore, although lungs could be generated by

blastocyst complementation in Fgfr2-knockout mice, the gener-

ated lung was composed of recipient and donor cells. Mori et al.

(2019) also explored the generation of lungs in a conditional

Ctnnb1-knockout mousemodel and demonstrated that chimeric

mice complemented with PSCs could survive to adulthood, i.e.,

reach full maturity, although quantitative data on the derived

epithelial cells were not provided (Mori et al., 2019). In this study,

we used Fgf10-knockout mice to generate lungs from mouse
6 Cell Reports 31, 107626, May 12, 2020
ESCs by blastocyst complementation. Although we generated

lungs successfully, they also consisted of a mixture of recipient

and donor cells.

Fgf10 is mostly secreted by the mesenchyme and exerts an ef-

fect on Fgfr2 expression in the endodermal epithelium to induce

lung bud outgrowth in a paracrine fashion (Bellusci et al., 1997;

Park et al., 1998; Weaver et al., 2000; Volckaert and De Langhe,

2015); this gives rise to the concern that the localized Fgf10

would act nonselectively on either GFP-positive donor cells

(Fgf10wild/wild) or GFP-negative host cells (Fgf10�/�) resident in
the endoderm. Theoretically, lung cells should be a mixture of

donor and host cells. Indeed, nearly all cell types in the generated

lungs of Ffg10-knockout mice were mixtures of donor and host

cells. However, high proportions of donor GFP-positive cells

were observed in the epithelial cells of the generated lungs,

compared with the cells in other organs. This suggests a survival

or differentiation advantage for lung Fgf10wild/wild epithelial cells



Figure 5. Immunofluorescence Staining of the Interstitial Regions of Mouse ESC-Derived Lung Tissues in Adult Fgf10 Ex1mut/Ex3mut

Chimeric Mice

Interstitial regions of the lung tissues were analyzed by staining with GFP (green) together with various markers (red): CD31 for vascular endothelial cells (A),

a-SMA for smoothmuscle cells (B), and vimentin for stromal cells (C and D). Nuclei were stained with DAPI (blue). Fgf10 wild/wild and Fgf10 Ex1wild/Ex3mut chimeric

mice were used as controls. The rightmost panels showmagnified views of the areas indicated by dotted lines in the panels to the left. White arrows indicate GFP-

negative cells of various lineages. Red arrow indicates GFP-negative macrophages. B, bronchiole; BV, blood vessel; VP, visceral pleura. Scale bars, 50 mm.
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compared with Fgf10 mut/mut cells. In contrast to the prevailing

theory on the spatially localized expression of Fgf10 during lung

development, ubiquitous expression of Fgf10, from the beginning

of mouse lung morphogenesis (from E9.5 onward) in both the

mesenchyme and epithelium on an Fgf10�/� background, has

shown benefits for lung development characterized by normal

lobulation and an epithelial branching pattern (Volckaert et al.,

2013). Therefore, it is possible that theGFP-positive donor epithe-

lium (Fgf10wild/wild) achieves ectopic expression of Fgf10, fol-

lowed by a relative preponderance in the context of lung develop-

ment compared with the Fgf10�/� host epithelium. Interestingly,

the interstitial cells of the lung organ generated in Fgf10 Ex1mut/

Ex3mut mice also predominantly originated from ESCs. These

findings are supported by the accumulated knowledge about

the essential role of Fgf10 in the formation of multiple mesen-

chymal lineages during lung development and disease. Lineage

tracing of Fgf10-positive cells showed that these cells repre-

sented a pool of mesenchymal progenitors in the embryonic
and postnatal lung, including progenitors of parabronchial and

vascular smooth muscle cells, LIFs, and resident mesenchymal

stromal cells (El Agha and Bellusci, 2014; Chao et al., 2015,

2019; El Agha et al., 2014). Autocrine Fgf10 signaling is thought

to be important for controlling thedifferentiation of LIF progenitors

and preadipocytes (Wu et al., 2018; Al Alam et al., 2015). In the

hypomorphic lungs of Fgf10LacZ/� mice, a decline in the Fgf10

level resulted in a reduced vascular endothelial growth factor-a

(VEGF-a) level and vascular defects, indicating that Fgf10 plays

a pivotal role in the formation of pulmonary vasculature (Chao

et al., 2019; Ramasamy et al., 2007). Embryos mutant in both

Fgf10 and its major receptor Fgfr2-IIIb lack pulmonary arteries

and veins (Marguerie et al., 2006). The major contribution of

ESCs to the interstitial regions and parenchyma of the generated

lung demonstrated in this study could inform strategies for gener-

ating PSC-derived lungs by blastocyst complementation, for

modeling lung disease in large animals; there may also be appli-

cations to lung transplantation in the future.
Cell Reports 31, 107626, May 12, 2020 7
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Another concern regarding blastocyst complementation is

whether the targeted genomic deficiencies in embryos are suf-

ficiently compensated by PSCs to enable survival until adult-

hood and organ maturation. PSCs contributed to generating

kidneys but failed to rescue the milk-suckling defect in

Sall1mut/mut mice and rats, which causes death before adult-

hood (Usui et al., 2012; Goto et al., 2019), possibly due to the

insufficient multipotency of PSCs or low proportional chime-

rism. In a previous report of lung generation by blastocyst

complementation, Fgfr2 or Ctnnb1 was conditionally deleted

in the foregut endoderm immediately before the onset of lung

organogenesis to avoid lethality after systemic deletion, which

probably occurs due to impaired trophoblast formation or mul-

tiple defects (Mori et al., 2019). Although the Fgf10-knockout

mice exhibited agenesis or dysgenesis of various organs,

including the lung, limb, thyroid, salivary gland, kidney, eye,

thymus, and inner ear (Sekine et al., 1999; Ohuchi et al.,

2000), the Fgf10 Ex1mut/Ex3mut chimeric mice survived to adult-

hood without abnormalities. These data indicate that the Fgf10

defect could be rescued by mouse ESCs and that the gener-

ated lung was functional, although the efficacy of blastocyst

complementation was low.

Given the low efficiency of generating lung organs by intraspe-

cies blastocyst complementation (Table 1), whether PSC-

derived lung organs could be generated in Fgf10-knockout

rodents or livestock by interspecies blastocyst complementation

remains to be investigated in a subsequent study. Efficient

chimerism is considered to be the most important factor when

interspecies chimeras are produced for organ generation (Oku-

mura et al., 2019). Mouse PSCs contribute to kidney generation

in rats (Goto et al., 2019), whereas rat PSCs failed to generate

kidneys in anephric Sall1mutant mice due to their poor contribu-

tion to the metanephric mesenchyme (Usui et al., 2012). Further-

more, although human PSCs contribute to pig embryos by

blastocyst injection, the level of chimerism was low and insuffi-

cient for organ generation (Wu et al., 2017). Eight-cell embryo in-

jection increased the contribution rate of rat ESCs to chimeric

mice but decreased the chimera generation rate, compared

with blastocyst injection (Okumura et al., 2019). The pluripotent

state affects the contribution of PSCs to xenogeneic embryos;

thus, matching the developmental timing may be critical for suc-

cessful chimera formation (Wu et al., 2017; Huang et al., 2018).

Naive human PSCs engrafted robustly to preimplantation blasto-

cysts but less robustly to postimplantation pig embryos,

whereas human PSCs intermediate between the naive and

primed states exhibited a higher degree of chimerism in postim-

plantation pig embryos (Wu et al., 2017). Apoptosis is a barrier to

interspecies chimerism using human PSCs; also, forced expres-

sion of BMI1 (a polycomb factor) in human primed PSCs sup-

pressed apoptosis and, thus, enabled human PSCs to integrate

into preimplantation embryos of mouse, rabbit, and pig (Huang

et al., 2018). The ethical issues regarding interspecies chimerism

with human PSCs need to be discussed.

In summary, we generated lungs predominantly derived from

mouse ESCs in apneumic Fgf10-knockout mice by blastocyst

complementation. Fgf10 Ex1mut/Ex3mut blastocysts may provide

an organ developmental niche for lung generation, where Fgf10-

deficient mice could survive until adulthood with PSC injection.
8 Cell Reports 31, 107626, May 12, 2020
The generation of PSC-derived lungs by blastocyst complemen-

tation is a promising approach for lung generation.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-GFP polyclonal antibody Abcam Cat#ab290; RRID:AB_303395

Goat anti-GFP polyclonal antibody GeneTex Cat#GTX26673; RRID:AB_371426

Rabbit anti-TTF1 monoclonal antibody; Clone EP1584Y Abcam Cat#ab76013; RRID:AB_1310784

Rabbit anti-SPC monoclonal antibody Abcam Cat#ab211326

Rabbit anti-CD31 polyclonal antibody Novus Biologicals Cat#NB100-2284; RRID:AB_10002513

Goat anti-CCSP polyclonal antibody Santa Cruz Biotechnology Cat#sc-9772; RRID:AB_2238819

Goat anti-T1a polyclonal antibody Santa Cruz Biotechnology Cat#sc-23564; RRID:AB_2161941

Rabbit anti-aSMA polyclonal antibody Abcam Cat#ab5694; RRID:AB_2223021

Rabbit anti-bIII-tubulin antibody Abcam Cat#ab18207; RRID:AB_444319

Donkey anti-rabbit IgG-Alexa Fluor 488 Invitrogen Cat#A21206; RRID:AB_2535792

Donkey anti-goat IgG-Alexa Fluor 488 Invitrogen Cat#A11055; RRID:AB_2534102

Donkey anti-rabbit IgG-Alexa Fluor 594 Invitrogen Cat#A21207; RRID:AB_141637

Donkey anti-goat IgG-Alexa Fluor 594 Invitrogen Cat#A11058; RRID:AB_142540

Chemicals, Peptides, and Recombinant Proteins

Mitomycin C Sigma-Aldrich Cat#M0503

Knockout-DMEM GIBCO Cat#10829-018

Fetal bovine serum Cambrex Cat#14-502FM; Lot.SF50602

Knockout Serum Replacement GIBCO Cat#10828-028; Lot.1123784

Nonessential amino acids GIBCO Cat#11140-050

L-glutamine GIBCO Cat#25030-081

2-mercaptoethanol Sigma-Aldrich Cat#M7522

mLIF Merck Cat#ESG1107 ESGRO

Critical Commercial Assays

DNeasy Blood & Tissue kits QIAGEN Cat#69504

KOD-Plus-Neo kits Toyobo Cat#KOD-401

Wizard SV Gel and PCR Clean-up system Promega Cat#A9282

Surveyor Mutation Detection kit Transgenomic Cat#706020

BigDye Terminator Cycle Sequencing kit ThermoFisher Cat#4337455

Experimental Models: Cell Lines

GFP-expressing mouse RENKA C57BL/6NCrlCrlj ESCs Niigata University CFS-EGFP27

Experimental Models: Organisms/Strains

Mouse: BDF1 CLEA N/A

Oligonucleotides

Primer: Fgf10 Ex1 Forward: 50-CAGCAGGTCTTACCCTTCCA-30 Yasue et al., 2014 N/A

Primer: Fgf10 Ex1 Reverse: 50-TACA GGGGTTGGGGACATAA-30 Yasue et al., 2014 N/A

Primer: Fgf10 Ex3 Forward: 50-TGACTCTTCTGTTGTTAGCGT TG-30 Yasue et al., 2014 N/A

Primer: Fgf10 Ex3 Reverse: 50-ACATCCAAAGCCTTCCTTCC-30 Yasue et al., 2014 N/A

Recombinant DNA

Cas9 mRNA and sgRNA Yasue et al., 2014 N/A

Software and Algorithms

TRI/3D-Bon software Ratoc System Engineering N/A
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RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Qiliang

Zhou (zhouql@med.niigata-u.ac.jp).

Materials Availability
This study did not generate new unique reagents.

Data and Code Availability
This study did not generate any unique datasets or code.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals and ESCs
Animal care and procedures were approved by the Institutional Animal Care and Use Committee of Niigata University, Niigata, Japan

(approval number, SA00233). All animals in this study were housed under specific pathogen-free conditions in a 12h light/dark cycle

at 25�C,with food andwater available ad libitum. Eight-week-old pathogen-free femalemicewith the BDF1 genetic backgroundwere

purchased from CLEA Japan, Inc. (Tokyo, Japan). GFP-expressing mouse RENKA C57BL/6NCrlCrlj ESCs (#CFS-EGFP27; Brain

Research Institute, Niigata University) were maintained on mitomycin C (Sigma-Aldrich, St. Louis, MO)-treated primary cultured

mouse embryonic fibroblasts in KO-ES medium consisting of knockout-Dulbecco’s modified Eagle’s medium (GIBCO, Carlsbad,

CA) with 8.8% fetal bovine serum (Cambrex, Charles City, IA), 8.8% Knockout Serum Replacement (GIBCO), 88 mM nonessential

amino acids (GIBCO), 1.8 mM L-glutamine (GIBCO), 88 mM2-mercaptoethanol (Sigma-Aldrich), and 884 U/mLmLIF (Merck, Burling-

ton, MA). All cell cultures were grown at 37�C and 5% CO2.

METHOD DETAILS

Generation of Fgf10-knockout mice using the CRISPR/Cas9 system
Fgf10-knockout mice were generated using the CRISPR/Cas9 system as described previously (Yasue et al., 2014). Fertilized mouse

eggs were harvested from superovulated BDF1 female mice crossed with males of the same strain at 0.5 days postcoitum (dpc).

Cas9 mRNAs and single-guide RNAs with the target sequence of Fgf10 Ex1 or Ex3 (targets 1 and 2 in Figure 1, respectively) were

produced by in vitro transcription using PmeI-digested Cas9 and DraI-digested gRNA expression vectors and subsequently micro-

injected into the cytoplasm of fertilized mouse eggs. Injected eggs were cultured overnight in M16 medium at 37�C under 5% CO2 in

air, and two-cell embryos were transferred into the oviducts of pseudopregnant females. Genomic DNA was extracted from the tail

tips of founder mice and used for the detection of the CRISPR-induced mutation at the Fgf10 locus.

Generation of chimeras with mouse ESCs
Mouse ESCs expressing GFP (RENKA C57BL/6NCrlCrlj; #CFS-EGFP27) were used for blastocyst injection. Embryos were prepared

via in vitro fertilization with Fgf10 Ex3 -/+ ova and Fgf10 Ex1 -/+ sperm. Five to eight ESCs were microinjected into the perivitelline

space of eight-cell/morula-stage embryos (2.5 days post fertilization). After injection, the embryos were cultured in KSOM-AA me-

dium (ARK Resource Co., Ltd. Kumamoto, Japan) for 20 h until they developed to the blastocyst stage. The embryos were thereafter

transferred into the uteri of pseudopregnant recipient ICR female mice (2.5 dpc).

Genotyping of chimeras
Genotyping using the Surveyor� System and DNA sequencing were carried out as described previously (Yasue et al., 2014). Briefly,

genomic DNA was extracted from the tail or other tissues using DNeasy Blood & Tissue kits (QIAGEN, Valencia, CA) and PCR was

carried out using KOD-Plus-Neo kits (Toyobo, Osaka, Japan) according to the manufacturers’ protocols. The PCR primers used to

amplify Fgf10 Ex1 and Ex3, respectively, were as follows: Ex1F 50-CAGCAGGTCTTACCCTTCCA-30 and Ex1R 50-TACA
GGGGTTGGGGACATAA-30 (521 bp); and Ex3F 50-TGACTCTTCTGTTGTTAGCGT TG-30 and Ex3R 50-ACATCCAAAGCCT

TCCTTCC-30 (501 bp). PCR products were purified using the Wizard SV Gel and PCR Clean-up system (Promega, Madison, WI), di-

gested at mismatched sites by Surveyor Nuclease S using a Surveyor Mutation Detection kit (Transgenomic, Omaha, NE), and

resolved using electrophoresis in agarose gels. Purified PCRproducts were subjected to DNA sequencing using a BigDye Terminator

Cycle Sequencing kit and the ABI 3500 Genetic Analyzer (Applied Biosystems, Foster City, CA).

Histological analysis
Mouse tissues were fixed in 4% paraformaldehyde or 10% neutral buffered formalin and embedded in Optimal Cutting Temperature

compound or paraffin. Paraffin-embedded sections were deparaffinized with xylene and hydrated in a graded ethanol series. Next,

H&E staining or immunofluorescence staining was performed as described previously (Zhou et al., 2014). The primary antibodies
e2 Cell Reports 31, 107626, May 12, 2020
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were: anti-GFP polyclonal antibody (rabbit IgG, 1:200; Abcam, Cambridge, UK; #ab290), anti-GFP polyclonal antibody (goat IgG,

1:200; GeneTex, Irvine, CA; #GTX26673), anti-TTF1 monoclonal antibody (rabbit IgG, 1:200; Abcam; #ab76013), anti-SPC mono-

clonal antibody (rabbit IgG, 1:200; Abcam; #ab211326), anti-CD31 polyclonal antibody (rabbit IgG, 1:100; Novus Biologicals, Centen-

nial, CO; #NB100-2284), anti-CCSP polyclonal antibody (goat IgG, 1:200; Santa Cruz Biotechnology, Dallas, TX; #sc-9772), anti-T1a

polyclonal antibody (goat IgG, 1:200; Santa Cruz Biotechnology; #sc-23564), anti-aSMA polyclonal antibody (rabbit IgG, 1:100; Ab-

cam; #ab5694), and anti-bIII-tubulin antibody (rabbit IgG, 1:200; Abcam; #ab18207). Donkey anti-rabbit IgG-Alexa Fluor 488 (1:200;

Invitrogen, Carlsbad, CA; #A21206), donkey anti-goat IgG-Alexa Fluor 488 (1:200; Invitrogen; #A11055), donkey anti-rabbit IgG-

Alexa Fluor 594 (1:200; Invitrogen; #A21207), and donkey anti-goat IgG-Alexa Fluor 594 (1:200; Invitrogen; #A11058) were used

as secondary antibodies. Nuclei were counterstained with 40,6-diamidino-2-phenylindole (DAPI) and fluorescence images were ac-

quired using a C1si confocal microscope (Nikon, Tokyo, Japan).

SPC- and CCSP-positive cells were enumerated in at least 20 images (200 3 magnification for SPC-positive cells and 400 3 for

CCSP-positive cells) randomly selected from the five lung lobes.

Contrast-enhanced micro-CT
To evaluate the lung deficiencies in Fgf10 Ex1mut/Ex3mut neonatal mice and lung formation in Fgf10 Ex1mut/Ex3mut chimeric neonatal

mice, contrast-enhanced micro-CT was used. Samples from neonatal mice were fixed in 4% paraformaldehyde at 4�C for 2 days.

After detaching the epidermis, the samples were immersed in 25% Lugol’s iodine solution (12.5 mg of iodine and 25mg of potassium

iodide per milliliter of distilled water) at room temperature for 1 week. Subsequently, the samples were scanned using a micro-CT

device (Nittetsu Elex, Tokyo, Japan) and analyzed with TRI/3D-Bon software (Ratoc System Engineering Co., Ltd. Tokyo, Japan).

QUANTIFICATION AND STATISTICAL ANALYSIS

Body weights of neonatal mice in 5 groups (n = 3-15) are measured. Data are presented as the means ± standard deviation. The

Tukey–Kramer test was used to assess the significance of differences. A P-value of < 0.05 was deemed to indicate significance.
Cell Reports 31, 107626, May 12, 2020 e3
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Figure S1. DNA analyses of the Fgf10 Ex1mut/Ex3mut neonatal mice. Related to Figure 1.
(A) Surveyor endonuclease assay of limb-defect neonates from Fgf10 Ex1mut/Ex3wild × Ex1wild/Ex3mut compared with
Fgf10 wild/wild mice. The PCR products of Fgf10 Ex1 and Ex3 consist of 521 and 501 base pairs, respectively. Cleaved
bands indicate heterozygous PCR amplicons. Samples from limb-defect mice produced cleaved bands for the Ex1 and
Ex3 PCR products, indicating a compound heterozygous genetic background (Fgf10 Ex1mut/Ex3mut).
(B) DNA sequence analyses of the limb-defect neonates. The target sequences of the CRISPR/Cas9 system are
highlighted in purple. Blue and orange arrows indicate the deletion and insertion points in the Ex1 and Ex3 forward
sequences, respectively.
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Figure S2. Characterization of the neonatal mice. Related to Figure 2.
(A) H&E staining of lung tissues from neonatal Fgf10 wild/wild mice, and Ex1wild/Ex3mut and Ex1mut/Ex3mut chimeric mice.
Scale bars = 100 μm.
(B) Analysis of body weight in Fgf10 wild/wild (n=15), Ex1mut/Ex3mut (n=7) neonates and chimeric Fgf10 wild/wild (n=13),
Ex1mut or Ex3mut (n=3), Ex1mut/Ex3mut (n=5) neonates. All data were obtained from 4 independent experiments. Data are
represented as mean ± SD. *P <0.05, versus Fgf10 wild/wild neonates; #P <0.01, versus other treatments; NS: statistically
non-significant: P >0.05.
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Figure S3. DNA analyses of the weaned chimeric mice. Related to Figure 3.
Equal amounts of DNA templates extracted from the tail were used.
(A) and (B) Surveyor endonuclease assay. Samples were collected from the weaned mice in Experiments 1 (A), 4,
and 5 (B), as described in supplementary Table 3. The PCR products of Fgf10 Ex1 and Ex3 consist of 521 and 501
base pairs, respectively. Cleaved bands indicate heterozygous PCR amplicons. Samples from mouse No. 1 (A) and
No. 2 (B) (red text) produced cleaved bands for the Ex1 and Ex3 PCR products, indicating a compound
heterozygous genetic background (Fgf10 Ex1mut/Ex3mut). Blue text indicates Ex1 or Ex3 heterozygous samples.
(C) DNA sequence analyses of the weaned compound heterozygous chimeric mice. The target sequences of the
CRISPR/Cas9 system are highlighted in purple. Blue and orange arrows indicate the deletion and insertion points
in the Ex1 and Ex3 forward sequences, respectively.
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Figure S4. Characterization of weaned Fgf10 Ex1mut/Ex3mut chimeric mice complemented with ESCs. Related to
Figure 3-5.
(A) Histological analysis of portions of ESC-derived lung tissues stained with H&E. White arrowheads indicate ciliated
cells. Scale bars = 100 μm.
(B) and (C) Contribution of mouse ESCs to various organs in Fgf10 Ex1mut/Ex3mut chimeric mice. (B)
Stereomicroscopic bright-field and fluorescence images. (C) Surveyor endonuclease assay of tissue samples.
(D) Immunofluorescence staining of lung tissues from adult Fgf10 Ex1mut/Ex3mut chimeric mice using GFP (green) and
stains for the following markers (red): CCSP for club cells, βIII-tubulin for nerve cells, and α-SMA for smooth muscle
cells. Nuclei were stained with DAPI (blue). White arrows indicate GFP-negative cells of various lineages. White
arrowheads indicate GFP-positive ciliary cells and sperm cells in bronchioles and seminiferous tubule, respectively. B,
bronchioles; PA, pulmonary artery; ST, seminiferous tubule. Scale bars = 50 μm.
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Figure S5. DNA sequence analysis of tissue samples from weaned Fgf10 Ex1mut/Ex3mut chimeric mice. Related to Figure 3-5.

The DNA sequences indicated that ESCs contributed to all organs to different degrees.
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Figure S6. Contribution of mouse ESCs to various organs in adult Fgf10 Ex1mut/Ex3mut chimeric mice. Related to Figure
3-5.
Immunofluorescence staining of organs from weaned Fgf10 Ex1mut/Ex3mut chimeric mice. The bottom panels show magnified
views of the areas demarcated by dotted lines in the panels above. White arrows indicate GFP-negative cells of various lineages.
TF, thyroid follicle; BV, blood vessel; G, glomerulus; ST, seminiferous tubule; CV, central vein of liver; T, trachea; TC, tracheal
cartilage; PD, pancreatic duct. Scale bars = 50 μm.



Exp1 Exp2 Exp3 Total

Blastocyst transferred 26 25 13 64

Fetuses 7 6 6 19

Normal 7 2 6 15

Limb defect 0 4 0 4

Fgf10 wild/wild 2 0 2 4

Ex1mut/Ex3wild 3 1 1 5

Ex1wild/Ex3mut 2 1 3 6

Ex1mut/Ex3mut 0 4 0 4

Table S1. Controls for generation of Fgf10 Ex1mut/Ex3mut mice without blastocyst
complementation. Related to Figure 1 and Table 1.
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Exp1 Exp2 Exp3 Exp4 Total

Blastocysts injected 26 24 25 47 122

Blastocysts transferred 26 24 25 46 121

Fetuses 12 7 13 11 43 (36%)

Normal 10 7 8 11 36

Limb defect 2 0 5 0 7

Fgf10 wild/wild 3 3 5 6 17

Ex1mut/Ex3wild 2 2 1 2 7

Ex1wild/Ex3mut 4 1 1 1 7

Ex1mut/Ex3mut 3 1 6 2 12

Chimeric fetuses 3 4 4 9 20 (47%)

Normal 3 4 4 9 20

Limb defect 0 0 0 0 0

Fgf10 wild/wild 1 2 3 6 12

Ex1mut/Ex3wild 0 0 0 1 1

Ex1wild/Ex3mut 1 1 0 0 2

Ex1mut/Ex3mut 1 1 1 2 5 (25%)

Lung complemented 1 1 1 2 5 (100%)
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Table S2. Results of blastocyst complementation for lung generation at the neonatal
stage. Related to Table 1.



Exp1 Exp2 Exp3 Exp4 Exp5 Exp6 Exp7 Exp8 Total

Blastocysts injected 78 62 96 87 84 42 129 122 700

Blastocysts transferred 78 59 83 66 74 42 121 115 638

Fetuses(alive) 28(20) 6(3) 22(13) 18(15) 17(11) 16(12) 30(14) 16(8) 153(96)

Normal 23 6 19 17 17 14 24 14 134

Limb defect 5 0 3 1 0 2 6 2 19

Fgf10 wild/wild 9 4 10 4 12 3 13 6 61

Ex1mut/Ex3wild 8 1 2 2 0 2 3 2 20

Ex1wild/Ex3mut 4 0 5 2 2 6 5 4 28

Ex1mut/Ex3mut 6 0 3 2 0 4 7 3 25

Chimeric fetuses 9 5 13 12 13 4 12 8 76

Died 3 3 5 2 6 2 10 5 36

Alive 6 2 8 10 7 2 2 3 40

Chimeras weaned 3 1 4 2 1 1 2 2 16

Lung complemented 1 0 0 1 0 1 1 1 5
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Table S3. Results of blastocyst complementation for lung generation at the adult stage.
Related to Table 1.
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