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Teaching statement and teaching Philosophy
Munemasa Mori, M.D., Ph.D.

The motivation to become a researcher evolved from my invaluable clinical experience
as a pulmonologist treating patients with refractory pulmonary diseases. The limited treatment
options for patients with end-stage pulmonary disease instilled a personal mission to understand
better, the underlying mechanisms behind refractory pulmonary diseases. | am passionate
about seeking new knowledge. My research interests in lung progenitor expansion,
differentiation, and humanized organ generation will lead to innovative discoveries within the
emerging field of evolutionary developmental biology and stem cell biology. | welcome the
opportunity to share this passion and exciting research direction by serving as a mentor to
medical students, technicians, graduate students, postdoctoral fellows, and research scientists.
Past and current mentorships have offered the opportunity to work with individuals from diverse
backgrounds such as African American, Caucasian and Hispanic American, Pan-Asian
(Chinese, Indian, Japanese, Korean, Indonesian), and European. | look forward to educating the
next generation of basic and translational scientists and more than welcome the occasion to
mentor underrepresented racial minority communities through programs promoting diversity.

My educational background:

Professor Takashi Matozaki at the Institute for Molecular and Cellular Regulation at
Gunma University, one of the largest institutes in the North Kanto area of Japan served as my
Ph.D. mentor. Dr. Matozaki was a profound influence, who instilled a desire for knowledge and
utilized cutting-edge technology in molecular biology. Training included the generation of
monoclonal and polyclonal antibodies, the establishment of cell lines by drug selections, gene
and genome manipulations, knockdown or knockout technology, production of adenoviruses,
and the generation of conditional knockout mice. As a member of Dr. Matozaki’s lab, | had the
opportunity to teach science in English to undergraduate students studying abroad from
Indonesia. My teaching methodology included not only scientific techniques, but also the
fundamentals of observation and hypothesis formation.

My postdoctoral training in the United States began at Boston University under the
mentorship of Professor Wellington V. Cardoso. Dr. Cardoso’s mentorship has been invaluable.
In addition to providing opportunities to learn new scientific skills, his enthusiasm for science
and care for his students and colleagues inspired my research goals. His management style
and his love for human beings encouraged his co-workers to go far beyond standard
requirements. Based on this experience, | have refined my teaching to consider the individual
student’s purpose and goals. | believe that a more personalized approach involving patience,
listening and discussion will allow the student to refine a step-wise scientific hypothesis and
personal growth experience that will cultivate a passion for science and better research
outcomes.

I have had the opportunity to supervise undergraduate students, summer students, and
graduate students under the Columbia Center for Human Development (CCHD), director,
Wellington V. Cardoso. Now, as a Principal Investigator and mentor, | am establishing a
research program that will offer educational opportunities for the post-doctoral researchers,
technicians and students that work with me. (See the following list).



TEACHING/MENTORING ACTIVITIES (CURRENT AND PAST LABORATORY TRAINEES):

2023-present Mentor for Yuri Kondo, a postdoc fellow at Columbia Center for Human Development.

2023-present Mentor for Dai Shimizu, a postdoc fellow at Columbia Center for Human
Development.

2022-present Mentor and supervisor for Ms. Sherlly V. Dolmuz, an undergraduate student at
Columbia Center for Human Development.

2022-present Mentor and supervisor for Ms. Shereya Kumar, an undergraduate student at
Columbia Center for Human Development

2021-present Mentor and supervisor for Dr. Zurab Ninish, a leading technician at Columbia Center
for Human Development.

2021-present Mentor and supervisor for Ms. Stacey Nozeil, senior research technician, Columbia
Center for Human Development.

2021-present Supervisor for Xiangyi Ke — Columbia University Graduate Student, MD/PhD
Candidate

2020-2021 Mentor for Dr. Tatsuya Nagano, Visiting Associate Research Scientist, Columbia Center
for Human Development.

2021-2023 Mentor for Dr. Hemanta Sarhmah, postdoctoral fellow, Columbia Center for Human
Development.

2021-present Mentor for Dr. Yuko Shimamura, postdoctoral fellow, Columbia Center for Human
Development.

2020-present Mentor for Dr. Youngmin Hwang, postdoctoral fellow, Columbia Center for Human
Development.

2020-present Mentor for Dr. Akihiro Miura, postdoctoral fellow, Columbia Center for Human
Development.

2020-present Mentor for Dr. Anri Sawada, postdoctoral fellow, Columbia Center for Human
Development.

2020 - Present Supervisor for Yizhuo Zhuo, postdoctoral fellow, Columbia Center for Human
Development.

2019-2021, Mentor and supervisor for Ms. Rosemary Gordon-Schneider, lab tech, Columbia Center
for Human Development.

2019 -2019 summer: Mentor for Brent Mayfield, graduate student, Dept. of Genetics &
Development, Columbia University.

2017 - 2019: Mentor and supervisor for Ms. Mayu Ohta, senior research technician, Columbia
Center for Human Development.

2017 - Present Supervisor for Carlos Serra, MD/PhD program — Columbia University Graduate
Student, MD/PhD Candidate, Universidade do Minho, Escola de Medicina, Braga, Portugal. 2017:
Summer Supervisor for Nicholas J. Heller, Columbia University

2016: Summer Supervisor for Tianhao Xu, Columbia University Fu Foundation School of
Engineering and Applied Science

2013 - Present Teaching Assistant for graduate students: Maria Stupnikov, Ying Yang and
Benjamin van Soldt, Department of Genetics & Development, Columbia University.

2011-2013 Teaching assistant for John Mahoney, graduate student, Boston University.

2010-2011 Supervisor for Kemala Mantilidewi, graduate student, Boston University.

Besides the listed opportunities above, | have extensive experience as a trainer for confocal
microscopy in the CCHD specialized microscopy core. | have trained more than 60 users from
extensive, diverse backgrounds. Based on this, | have now being a committee member for
supervising the usage of multiplex Stellaris Leica confocal microscopy.

In addition, as a member of the CCHD, | have had the opportunity to collaborate with faculty
from various disciplines within Columbia University, as well as on national and international levels.
As a mentor, | will continue my educational journey and share my experiences with my trainees. |
firmly believe that science is not just an isolated subject limited to a textbook — educating science
under the exciting program allows us to share our scientific passion and provide equal learning
opportunities to bridge the community outgrowth regardless of the racial diversities, ultimately
harmonizina the miscellaneous unigueness.



Statement of Contributions to Diversity
Munemasa Mori, MD, Ph.D.

As a biomedical research scientist with experience in intramural and extramural university
activities, | am aware that efforts are required to promote diversity programs to recruit
outstanding female and underrepresented minority scholars. It has been apparent during my
training that some minority groups are clearly underrepresented in numerous fields of
biomedical research. At the same time, | also have witnessed how training opportunities have
helped underrepresented minorities pursue careers in biomedical research and health care.
While at Boston University/Columbia University, | worked with underrepresented minorities at
various educational levels in our lab and center. We supported the efforts of our summer
students from Hispanic and African American backgrounds. It has been a pleasure to see these
research students working and studying together and to help them with their experiments.

As a faculty member, | will follow established principles to help improve diversity and
inclusiveness in the biomedical workforce. | am more than happy to engage my lab in training
programs designed to enhance diversity to help underrepresented students and scholars move
to the next stage of their biomedical research education or career. Diversity is essential in
research for organic scientific stimulation in a safe, educational environment that can lead to an
interactive, interdisciplinary, and respectful community. As an RO1 (NHLBI) funded principal
investigator, | will respond to new academic and support programs from the NIH -
supplemental funding opportunities for minority trainees. | will stay informed on national,
state, and university policies for programs supporting underrepresented minorities in the
biosciences. | will welcome opportunities to participate in diversity programs and be a part of
this exciting movement in your University’s community.



Contact information of three references:

Wellington V. Cardoso, M.D., PhD

Professor of Medicine and Genetics & Development
Director, Columbia Center for Human Development

650 West 168th Street
BB 8-812

New York, NY 10032
P: (212) 342-3971

wvc2104@cumc.columbia.edu

http://cardosolab.com/members.html

Darrell N. Kotton, MD

David C. Seldin Professor of Medicine

Director, Center for Regenerative Medicine (CReM)
Boston University and Boston Medical Center

670 Albany St, 2nd floor CReM

Boston, MA 02118

P: 617-358-0736

dkotton@bu.edu

www.kottonlab.com

www.bumc.bu.edu/stemcells

Hiromitsu Nakauchi, M.D., PhD

Professor of genetics at Stanford University, Director of newly established Center for Stem Cell
Biology and Regenerative Medicine at the Institute of Medical Science at The University of
Tokyo (IMSUT)

265 Campus Drive, Lorry I. Lokey Stem Cell Research Building
Rm G3078 (3rd Floor)
Stanford CA 94305

P: (650)497-4365

nakauchi@stanford.edu

noriko.kawahara@stanford.edu(admin)

http://med.stanford.edu/nakauchilab.html
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Generation of functional lungs via conditional
blastocyst complementation using pluripotent

stem cells

Munemasa Mori

18* Kazuhiro Furuhashi?, Jennifer A. Danielsson3, Yuichi Hirata?,

Miwako Kakiuchi?, Chyuan-Sheng Lin%, Mayu Ohta’, Paul Riccio', Yusuke Takahashi®>¢, Xinjing Xu’,

Charles W. Emala3, Chao Lu

Millions of people worldwide with incurable end-stage lung
disease die because of inadequate treatment options and
limited availability of donor organs for lung transplantation’.
Current bioengineering strategies to regenerate the lung have
not been able to replicate its extraordinary cellular diversity
and complex three-dimensional arrangement, which are indis-
pensable for life-sustaining gas exchange®®. Here we report
the successful generation of functional lungs in mice through
a conditional blastocyst complementation (CBC) approach
that vacates a specific niche in chimeric hosts and allows for
initiation of organogenesis by donor mouse pluripotent stem
cells (PSCs). We show that wild-type donor PSCs rescued lung
formation in genetically defective recipient mouse embryos
unable to specify (due to Ctnnb1 mutation) or expand (due
to Fgfr2<! mutation) early respiratory endodermal progeni-
tors. Rescued neonates survived into adulthood and had lungs
functionally indistinguishable from those of wild-type litter-
mates. Efficient chimera formation and lung complementation
required newly developed culture conditions that maintained
the developmental potential of the donor PSCs and were
associated with global DNA hypomethylation and increased
H4 histone acetylation. These results pave the way for the
development of new strategies for generating lungs in large
animals to enable modeling of human lung disease as well as
cell-based therapeutic interventions*-°.

Nearly 12 million adults in the United States, or 5% of the popu-
lation, have been diagnosed with chronic obstructive pulmonary
disease, and about 180,000 patients die annually with end-stage
refractory lung diseases'. The only option currently available is
lung transplantation, and patients die nearly every day without ever
receiving this treatment because of the scarcity of donor organs’.
Bioengineering approaches for lung regeneration using endogenous
progenitors or human PSCs in decellularized scaffolds emerged as
promising options>*~'!. However, modeling the structural and func-
tional complexities of the lung in vitro has been insurmountably
challenging given its extraordinary cellular diversity, with more

7, Hiromitsu Nakauchi

568* and Wellington V. Cardoso ©®78*

than 40 cell types from all embryonic layers, and its complex three-
dimensional (3D) architecture that demands precise alignment of
the epithelial and vascular components to form nearly 480 mil-
lion alveoli for efficient gas exchange'>"*. Lastly, maintaining tissue
integrity and homeostasis in the presence of the continuous peri-
odic changes in mechanical forces by breathing movement and by
the high blood-flow output in the vascular compartment represents
a major bioengineering problem to overcome®’. We posited that the
generation of a functional lung as a platform for regenerative pur-
poses could be achieved if these challenges were bypassed by mod-
eling lung organogenesis in vivo. Thus, we explored the possibility
of generating lungs in chimeric animals from donor PSCs using a
blastocyst complementation (BC)-based approach'*-'°.

Exogenous PSCs injected into an embryo at the blastocyst stage
can join in the recipient’s developmental program and compete
with the host’s cells for a niche. Donor cells can take over a par-
ticular progenitor defective niche made vacant by inactivation of a
gene that is crucial for the initiation of the developmental program
of that organ in the host. BC has been used successfully to gener-
ate a PSC-derived pancreas and to rescue the neonatal lethality of
Pancreatic and Duodenal homeobox 1 (PDX1)-deficient embryos.
Although innovative, BC remained challenging, as it often did not
result in postnatal survival'”'. Gene deletion, when systemic, could
lead to defects in multiple organs not rescued by the donor cells".
Moreover, successful BC requires the maintenance of donor PSC’s
pluripotency and the ability to form chimeras®. The PSC must reach
the targeted organ niche and faithfully respond to the specific cues
of that organogenesis program. Thus, we sought to identify strate-
gies to overcome these issues in the host and donor to allow lung
formation. Lung organogenesis initiates when trachea and lung
progenitors are collectively specified in the foregut endoderm by
Wnt-B-catenin (Ctnnbl) activation'>”. Subsequent endodermal
activation of fibroblast growth factor receptor 2 (Fgfr2) by local
fibroblast growth factor 10 (Fgf10) from the foregut mesoderm is
required to selectively expand these lung progenitors to form the
primordial lung”'. Indeed, genetic disruption of Fgfr2 in mice does

'Columbia Center for Human Development and Division of Pulmonary, Allergy, Critical Care, Department of Medicine, Columbia University Irving Medical
Center, New York, NY, USA. 2Columbia Center for Translational Immunology, Department of Medicine, Columbia University Irving Medical Center, New
York, NY, USA. *Department of Anethesiology, Columbia University Irving Medical Center, New York, NY, USA. “Bernard and Shirlee Brown Glaucoma
Laboratory, Department of Pathology and Cell Biology, College of Physicians and Surgeons, Columbia University Irving Medical Center, New York, NY, USA.
5Institute for Stem Cell Biology and Regenerative Medicine, Department of Genetics, Stanford University School of Medicine, Stanford, CA, USA. ¢Division
of Stem Cell Therapy, Distinguished Professor Unit, The Institute of Medical Science, The University of Tokyo, Minato-ku, Tokyo, Japan. "Department of
Genetics and Development and Herbert Irving Comprehensive Cancer Center, Columbia University Irving Medical Center, New York, NY, USA. 8These
authors contributed equally: Munemasa Mori, Hiromitsu Nakauchi, Wellington V. Cardoso. *e-mail: mm4452@cumc.columbia.edu; nakauchi@stanford.
edu; wvc2104@cumec.columbia.edu
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not prevent tracheal formation but results in lung agenesis®-*.
Although it is an attractive option for lung BC modeling, systemic
Fgfr2 deletion was problematic because of lethality by impaired tro-
phoblast formation or later due to multiple defects, including limb
agenesis’' >,

To prevent undesired non-lung phenotypes in the host, we
devised a conditional gene-ablation strategy using a lineage-spe-
cific promoter to vacate a specific niche in the host endoderm for
complementation, named conditional blastocyst complementation
(CBC). The CBC then should target an endoderm-derived lineage
for which the gene of choice has a crucial non-redundant function,
independent of its expression in other organs. We tested this con-
cept by generating mice in which Fgfr2 was conditionally deleted in
the foregut endoderm immediately before the onset of lung organ-
ogenesis (Shhe*Fgfr2iov/lox; hereafter, Fgfr2c™1)*. Analysis of
E13.5 Fgfr2e™! embryos revealed the absence of lungs but preserved
the trachea and esophagus, as in the wild type (WT) (Fig. 1a),
confirming the essential function of Fgfr2 selectively in lung forma-
tion”>*. The lack of placenta and limb defects in Fgfr2s™! further
suggested that the targeted gene-deletion strategy was well suited
for the generation of hosts for lung CBC (Fig. 1b). In an initial
attempt to complement the defective lung organ niche in Fgfr2em!
mutants, we used donor PSCs derived from a Nkx2-1-GFP knock-
in mouse®. These cells not only carry both Fgfr2 alleles but also
express green fluorescent protein (GFP) from the NK2 homeo-
box 1 (Nkx2-1) locus, marking all lung epithelial progenitors and
descendants from their earliest stages. Complemented PSCs™*21-6/P
were expected to respond to Fgf10 from the host to form the lungs.
PSCsNe2-1-CFP were cultured in medium containing selective GSK3f
and Mek 1/2 inhibitors and Leukemia Inhibitory Factor (2i/LIF)¥,
reported to maintain the ground-state pluripotency and the naive
state of PSCs, and then were injected into Fgfr2-mutant host blasto-
cysts and transferred to pseudopregnant mothers. The PSCNe21-GFP
indeed outcompeted the host Fgfr2e™! cells and carried on lung
morphogenesis. GFP labeling was detected in nearly 100% of the
epithelium overlapping with Nkx2-1, and differentiation mark-
ers of airways (Scgblal, acetylated a-tubulin) and alveolar (Sftpc,
Pdpn) cell types (Extended Data Fig. 1). Although they did not have
obvious abnormalities in lobation or branching morphogenesis,
these lungs did not form the distal saccules for gas exchange and so
remained immature, and pups died at birth (Extended Data Fig. 1b).
Thus, 2i/LIF-treated PSCN*21-C*¥ in Fgfr2<™! hosts were likely to be
unable to establish the epithelial-mesenchymal cross-talks that are
required for the proper maturation of the lung at late gestation.

Then, we systematically tested different culture conditions for
optimal maintenance of PSC pluripotency. This included medium
with valproic acid (VPA)—a histone deacetylase inhibitor that
improves PSC derivation and chimera formation efficiency***—and
alternative 2i (a2i) medium, in which Mekkinase inhibitor is replaced
by a Src kinase inhibitor to enhance PSC germline competency and
developmental potential®**'. The efficiency of these conditions was
initially assessed on the basis of the expression of stage-specific
embryonic antigen 1 (Sseal) and platelet endothelial cell adhesion
molecule (Pecam), known as pluripotency markers associated with
high ability to form chimeras™ (Table 1). Because it was unclear
why donor PSCsM<*16* ]led to inappropriate lung development,
we tested additional cell lines. This included commercially avail-
able PSCs“*%-S™, which expresses GFP under the cytomegalovirus
(CMV) enhancer, chicken p-actin promoter. The 2i/LIF treatment
of PSCs®AG-G resulted in the lowest Sseal mean fluorescent inten-
sity (MFI) and the lowest proportion of Pecam*Sseal* PSCs among
all culture conditions, regardless of the PSC type (Extended Data
Fig. 2 and Supplementary Fig. 1). However, treatment with LIF and
VPA (VPA/LIF) yielded the highest Sseal MFI in both PSCs®46-6F
and PSCsVeZ1GfP (Extended Data Fig. 2b,c). Thus we injected
VPA/LIF-treated PSC®SS™ into host Fgfr2-mutant blastocysts
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and analyzed the pups at birth (PO, postnatal day 0). Among the 24
pups obtained, only 1 died (non-complemented Fgfr2"); all oth-
ers remained alive and active until they were euthanized ~6h after
birth, consistent with rescued functional neonatal lungs. Indeed, the
morphological analysis showed well-formed saccules with extensive
GFP labeling of alveolar type 1 and 2, and secretory club, multicili-
ated and neuroendocrine cells in airways (Fig. 1c-e and Extended
Figs. 3 and 4). By contrast, mesenchymal GFP labeling, including
that in endothelial, vascular and airway smooth muscle cells, was
variable and overall was similar in chimeric WT or complemented
Fgfr2el animals (Extended Data Fig. 5a-c and Supplementary
Fig. 2). Notably, in PSCsCAS-CFPFgfr2enll animals, the frequency of
GFP* epithelial cells in the lung was significantly higher (~80%)
than in the trachea (Extended Data Fig. 4c). Thus, the lung agen-
esis and preserved trachea in Fgfr2™! hosts provided different
opportunities for complementation, even within the same organ.
Quantitative analysis of GFP* cells in other organs showed no con-
sistent evidence of the high chimerism seen in the lung (Extended
Data Fig. 5d-f). This underscores the significance of the vacant
organ niche for CBC-mediated lung complementation. However,
VPA/LIF-treated PSCs“A- G Fgfr2=!l embryos displaying low GFP
signals in the skin or other organs frequently had lung abnormali-
ties, such as incomplete unilateral rescue (Extended Data Fig. 6 and
Table 1). This suggested that donor PSCs were not reaching the
host’s lung niche efficiently.

VPA is known to improve chimera formation®*, so we tested
its effect in each culture condition to identify the combination
with the greatest capacity to induce pluripotency markers and
sustain chimerism throughout development. We found that VPA
and LIF (VPA/LIF) and a2i, VPA and LIF (a2i/VPA/LIF) treat-
ments were equally efficient in generating the highest proportion
of SseaM&Pecam* PSCs®A%-C*. However, the expression of the key
pluripotent factor octamer-binding transcription factor 4 (Oct-4)
was significantly higher in a2i/VPA/LIF cultures (Extended Data
Fig. 7a,b). When injected into WT blastocysts, donor a2i/VPA/LIF-
treated PSCA%-G* nearly maximized the chimera-forming ability in
all tested conditions (Extended Data Fig. 7c,d and Table 1). This
was further confirmed using a population of a2i/VPA/LIF-treated
Ssealhieh PSCsAG-GFP jsolated by fluorescence-activated cell sorting
(FACS) (Sseal®", 71.4%; Sseal®™, 15.4%; Fig. 2a).

Injection of a2i/VPA/LIF-cultured Sseal™" PSCs“A%-G* into
blastocysts from Fgfr2<™! hosts consistently rescued the lung agen-
esis phenotype, regardless of host genetic background (Table 1). Of
note, the CBC-rescued Fgfr2™! neonates were viable and active
at birth, and were indistinguishable from their WT littermates.
Flow cytometry analyses of the neonatal lungs from these animals
showed that the proportion of GFP*cells was consistently higher
in the lung epithelial cells (Epcam*CD45 Pecam™: 94.8 +2.1%) than
the variable GFP* contribution to the endothelium (Pecam*CD45-
Epcam™ 62.0+21.5%) and to other lung mesenchymal cells (the
CD45 Epcam Pecam™ 64.3 +24.7%). Moreover, the proportion of
GFP* cells in Epcam™ epithelial cells from conditional heterozygous
mutant Fgfr2hee (43.8+12.4 %) and WT (45.5+13.5%) comple-
mented lungs was always variable and rarely reached the high
values found in Fgfr2e™! lungs (Extended Data Fig. 8a,b, Table 1
and Supplementary Table 1). It was indeed remarkable that the
consistent (epithelial) versus variable (mesenchymal) complemen-
tation that resulted from emptying the host’s epithelial niche was
already evident, even in the relatively small number of Fgfr2em!
pups compared with the other genotypes. FACS-based assessment
of chimerism in the liver showed only a low proportion of donor
GFP* cells, regardless of the host genotype (Extended Data Fig. 8c
and Supplementary Table 1). Thus, a2i/VPA/LIF appeared to main-
tain PSC’s pluripotency with high efficiency, which endowed high
chimerism in the lungs and efficient complementation to rescue
lung agenesis in Fgfr2s™! neonates.
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Fig. 1| CBC rescues lung agenesis in Fgfr2-deficient mice. a, Imaging of WT and homozygous Fgfr2c"! (Shhere/+Fgfr2flox/fex) E13.5 mouse embryos.

Top, whole-mount images of freshly isolated embryos. Dotted lines outline the lung (lu) and heart (Ht). An asterisk indicates the absence of lungs in
Fgfr2<ni" mice. Middle, whole-mount immunofluorescence-confocal imaging of Sox2, Sox9 and Nkx2-1, depicting the esophagus (arrows) and trachea
(arrowheads) in both WT (left) and Fgfr2<™" (right) mice. Lungs are present in WT but not mutant mice (the asterisk indicates a blunt-ended trachea).
Bottom, immunofluorescence imaging of Sox2 and Nkx2-1 depicts distal lung buds in WT mice, contrasting with a blunt-ended trachea in Fgfr2c™" mice.

b, Whole-mount images of freshly isolated E13.5 WT, Fgfr2"*e (control heterozygous mutant Fgfr2: Shhe/*Fgfr21>/+) and Fgfr2<" embryos. Limb (arrow)
and placenta (pl) are present in mice of all genotypes (n=5 per group). ¢, GFP imaging of freshly isolated lungs from newborn (PO) chimeric WT, Fgfr2hete
and Fgfr2<™" mice, in which PSCA6-6" were used for CBC. The lung from a littermate Fgfr2<™" mouse without PSCA-67 injection is shown as a negative
control. d, Quantitative analysis of GFP distribution in the indicated lung cell types by immunofluorescence co-labeling with markers of differentiation in
sections of PO lungs from WT + PSCCAC-6FP and Fgfr2enul 4+ PSCEAC-GFP mice. The percentage of GFP labeling is shown in alveolar type 1 (Pdpn), type 2 (Sftpc),
club (Scgblal) and multiciliated (B-tubulin-4) cells, or in the airway compartment regardless of cell type (Sox2). Values are shown as mean+s.e.m. in ten
random fields per sample from a representative WT and mutant lung. Student's t-test, **P < 0.01. e, Representative confocal immunofluorescence images
of GFP, Pdpn and DAPI in newborn lungs of WT, Fgfr2"*e and Fgfr2"' mice complemented with VPA/LIF-treated PSC“%-¢". Complementation rescued the
formation of distal saccules and alveolar type 1 differentiation. Fgfr2"**° mice without complementation were used as a negative control. Boxed areas are
shown enlarged in bottom panels and depict thin-walled distal saccules (arrows indicate GFP*Pdpn* cells; asterisk indicates GFP-Pdpn* cells). Scale bars,

150 pm (@), 2mm (b), Tmm (c) and 5 pm (e).

We had, however, no clear indication about why the PSCs cul-
tured with a2i/VPA/LIF were more effective than the others. Given
the key role of chromatin modifications and DNA methylation in
PSC pluripotency and developmental potential®, we investigated the
epigenetic status of these PSCs to gain insights into the prospective
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mechanisms underlying these differences. Analysis of global
DNA methylation showed significantly lower levels of 5-mC long
interspersed nucleotide element 1 (Line-1) repeats in a2i/VPA/
LIF-treated PSCs compared with those treated with LIF alone.
This overall lower methylation status favoring pluripotency was
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Fig. 2 | Generation of fully functional adult lungs in Fgfr2-deficient mice via CBC. a, Schematic of the experimental design: a2i/VPA/LIF-treated
PSCsCAG-GFP were sorted into Sseal"" and Sseald™ subpopulations and injected into WT blastocyst hosts, which were analyzed for chimera formation, as
identified by GFP labeling in chimeric blastocysts (middle) or in the skin of chimeric PO pups (right; arrows indicates GFP*+ chimeric neonates). b, Top,
adult Fgfr2en! (asterisk) and control WT littermates complemented with Ssealhe" PSCA6-GF Middle, resistance (Rrs), compliance (Crs) and elastance
(Ers) of the respiratory system, as assessed by Flexivent analysis, in chimeric WT and Fgfr2<™" mice. Bottom, response of lungs to increasing doses of
methacholine (Rn, resistance of conducting airways). Graphs represent mean=+s.e.m. of n=6 (WT) and n=4 (mutant) mice per group. Student's t-test
was used for statistical analysis. NS, statistically non-significant. ¢, Top, whole-mount GFP imaging of freshly isolated postnatal P80 adult lungs (lu),
heart (ht) and esophagus (es) from Fgfr2c™! 4 PSCCAG-6FP and littermate control WT + PSCA6-6F mice. Brackets indicate areas where GFP staining differed
between complemented control and mutant lungs. Middle, immunofluorescence images of GFP and Pdpn (a marker of alveolar type 1 cells). Bottom,
immunofluorescence images of GFP and Sftpc (a marker of alveolar type 2 cells) in lung sections. Boxed areas in double-labeled images are shown as
single-labeled enlarged images below (arrows, GFP*marker* cells; asterisk, GFP-marker* cells). DAPI was used for nuclear staining. Scale bars, 10 pm (a),
Tmm (top, €) and 10 pm (middle and bottom, €).
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Fig. 3 | CBC overcomes the defect in the specification of early respiratory progenitors in Ctnnb1-deficient mice and generates functional trachea and
lungs. a, Top, whole-mount GFP imaging of freshly isolated adult postnatal day50 complemented adult lungs (lu) and tracheas (tr) from control (WT, left)
and homozygous Ctnnb1e! (Shher/+Ctnnb 1o/ right) blastocysts injected with a2i/VPA/LIF-treated PSCcAS-67P, Bottom, GFP imaging of whole mounts
and histological sections of extrapulmonary airways (main bronchi) in WT and mutants. Boxed areas in double-labeled images are shown as single-labeled
enlarged images below (arrows, GFP* cells; asterisk, GFP- cells. b, Representative immunofluorescent staining for Pdpn, Sftpc, -tubulin4 (ftub4) and
Scgblal (CC10) in the lungs of WT and mutant mice. Boxed areas in double-labeled images are shown as single-labeled enlarged images below (arrows,
GFP+marker* cells; asterisk, GFP-marker* cells. DAPI was used in all panels. ¢, Resistance of conducting airways (Rn), resistance (Rrs), compliance (Crs)
and elastance (Ers) of the respiratory system, as assessed by Flexivent analysis, in adult WT and Ctnnb1=" mice complemented with PSC®A6-6F? Bottom,
response of lungs to increasing doses of methacholine. A Student'’s t-test was used for statistical analysis. Graphs represent mean and standard error of
n=9 (WT), 3 (mutant) mice per group. Scale bars in (a) Tmm (top panel), 10pm (bottom panel); (b): 10 pm.

similarly found in 2i/LIF-treated conditions, consistent with the
global DNA hypomethylation reported in the naive state of mouse
PSC pluripotency” (Extended Data Fig. 9a). Moreover, gene-
expression analysis showed that a2i/LIF and 2i/LIF treatment of
PSCs led to a trend toward a decrease in levels or significantly lower
levels of the de novo DNA methyltransferase Dnmt3b, compared
to LIF or VPA/LIF treatments, respectively. Interestingly, the dif-
ferences in Dnmt3b expression in cells treated with a2i/LIF/VPA
compared with other groups and the somewhat decreased but vari-
able changes in expression of Dnmt3a (Extended Data Fig. 9b) and
cofactor Dnmt3] (not shown) suggested the presence of additional
players, such as the Dnmt-interacting proteins™.

We next investigated potential differences in patterns of his-
tone modifications. Western blot analyses showed that among all
groups, a2i/VPA/LIF PSCs expressed the lowest levels of the repres-
sive chromatin mark H3K27me3 (Extended Data Fig. 9c). Also,
a2i/LIF-treated PSCs, regardless of VPA addition, were markedly
enriched in H4 pan acetylation compared with 2i-treated PSCs.
Immunofluorescence staining of H4 acetylation (Ace-H4) and
quantitative analysis of relative MFI showed the strongest signals
most consistently in a2i/LIF (with or without VPA) compared to
other conditions. Although some LIF-treated PSCs exhibited strong
signals, overall, there was a broad range of intensities from very high
to low, reflecting high variability and inconsistent effect (Extended
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Data Fig. 9d). Notably, activation marks other than Ace-H4, such as
H3K4me or H3K27ac (Extended Data Fig. 9c and data not shown)
were not enriched by a2i/LIF treatment. Therefore, the a2i/VPA/
LIF cocktail generates a unique epigenetic state that includes DNA
hypomethylation, low levels of H3K27 methylation and increased
abundance of H4 acetylation. We propose that the combination
of these epigenetic changes, resulting in a more accessible (open)
chromatin, underlie the a2i/VPA/LIF-mediated enhanced expres-
sion of pluripotency-associated proteins, such as Oct4, Pecam and
Sseal. A more detailed analysis of these mechanisms is currently
under investigation.

We then used our CBC approach to test whether a2i/VPA/LIF
enhanced the developmental potential of Ssealbieh PSCsCAG-GFP
to generate lungs fully functional throughout life. Two distinct
mouse models of agenesis were used as hosts: the former Fgfr2el,
in which tracheal and lung progenitors are specified but the lung
progenitors are selectively unable to expand, and the Ctnnble™!
(Shhere+Ctnnb1%¥%%) in which none of these progenitors are speci-
fied and thus neither lung nor trachea forms'*. These enabled us
to assess whether targeting different genes that are crucial for respi-
ratory organogenesis under the same CBC strategy allowed these
phenotypes to be rescued as expected. Remarkably, in both mod-
els, the chimeric animals with lung complementation developed
normally to adulthood and reached full maturity (Figs. 2 and 3
and Extended Data Fig. 10). Pulmonary function tests (Flexivent)
performed in adult mice showed values of airway resistance, lung
elastance and compliance comparable with those of WT litter-
mates. When challenged with a spasmogenic agent (methacholine),
CBC-complemented lungs showed concentration-dependent bron-
choconstriction indistinguishable from the response of controls
(Figs. 2b,3c, Extended Data Fig. 10b and Table 1). Macroscopic
analysis of Ctnnble™!, PSCAG-G* mice showed strong GFP signals
in both trachea and lungs, suggesting efficient donor complementa-
tion in all respiratory progenitors (Fig. 3a, Extended Data Fig. 10e).
In Fgfr2el, PSCCAG-SFP complementation occurred preferentially
in the lung, compared to the trachea (Fig. 2c, Extended Data
Fig. 4c and data not shown). Immunofluorescence of lungs from
Fgfr2emll, PSCCAG-GFP and Ctnnb1™!, PSCAS-SF animals confirmed
extensive GFP overlap with markers of the airway and alveolar epi-
thelial cell types (Figs. 2c and 3a,b and Extended Data Fig. 10a,e).

In summary, we established a conditional gene-ablation strategy
to vacate a specific niche for complementation (CBC) coupled with
a new methodology for enhancing PSC chimerism and develop-
mental potential, which uniquely maintains an open chromatin sta-
tus and pluripotency in donor cells. The approach takes advantage
of bona fide tissue interactions in vivo to overcome the substan-
tial hurdles in generating lung and trachea in host embryos with
a severe genetic defect that prevents these structures from form-
ing. Complementation of defective respiratory progenitor niches
resulted in the formation of fully functional lungs in vivo. The
observations presented here open exciting perspectives for the use
of CBC to generate epithelial and non-epithelial components of the
lung employing tissue-specific Cre lines in hosts. Ongoing testing
of various strategies of Cre-mediated recombination and our PSCs
culture conditions suggest that CBC, coupled with efficient PSC
maintenance, is versatile and may be used to complement multiple
layers to generate a functional lung wholly from donor cells. Our
work also lays the conceptual and technical platforms for investigat-
ing mechanisms of cell competition during mammalian organogen-
esis or as part of the surveillance mechanisms that maintain tissue
integrity in adult homeostasis and regeneration-repair. Challenges
for future use of this technology in translational and clinical prac-
tice include the need for a better understanding of the mechanisms
of immune tolerance and interspecific histocompatibility barriers to
overcome tissue rejection, and strategies to ablate residual host cells
selectively in the targeted organs preserving tissue integrity. Further
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progress in these areas will facilitate engineering complex organs,
such as the lung in large animals, to be ultimately used in cell-based
interventions for regenerative purposes in human diseases.
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Methods

Mouse lines and genotyping. Shh“* mice (cat. no. 05622) and Ctnnb1%¥/
(Ctnnb1t™2Kem: cat, no. 004152) were obtained from the Jackson Lab. For conditional
deletion of Fgfr2 (Fgfr2c") or Ctnnb1 (Ctnnb1™"), we crossed Fgfr2fio<fox

or Ctnnb1"¥"x females with Shh®*Fgfr21°¥*+ or Shh*Ctnnb1%¥* males,
respectively. Genotyping of the Shh® allele was performed by PCR according

to the protocol provided by the vendor (Jackson Lab, cat no. 05622). Fgfr2iox/fox
mice were kindly gifted by X. Zhang. We further backcrossed these mice for more
than three generations with CD-1 mice (Charles River, strain code: 022). For the
lung complementation analyses, we injected the following PSCs into blastocysts
of Fgfr2evll or Ctnnb1<™! and littermate controls (W, Fgfr2" or Ctnnbl"t):
PSCNe -G passage 15 (W4/129S6: a gift from L. Oikonomou and D. Kotton,
CReM, Boston University), PSC““-%** passage 10-11 (C57BL/6N x 12956
background, MTI-GlobalStem: cat. no. GSC-5003). To assess the impact of PSC
culture conditions we also injected the following PSC lines into WT blastocysts
(Table 1): ES1¢A¢-tdTomate (C57BL/6N background), B7 (C57BL/6N background),
SUN107.4 (CD1 background) derived at Stanford University; CSL2J2 (C57BL/6]
C2] background), FL19 ARR3-1 (albino agouti C57BL/6N background), FL19
ARR3-2 (C57BL/6N background) derived at the Columbia University Transgenic
Core Facility. Genotyping of Fgfr2 + PSC*S-** or Ctnnb1 + PSCA%SF chimeric
animals was confirmed by GFP-negative sorted liver cells or a single-cell colony
formation assay of hematopoietic progenitor cells prepared with an EZ Fast Blood/
Cell PCR Genotyping Kit (EZ BioResearch cat. no. G1002). Briefly, we performed
PCR using the following Tm-adjusted primers, which allowed us to obtain equal
band size in heterozygous Fgfr2 allele: FR2-F1, 5'-ATAGGAGCAACAGGCGG-3/,
and FR2-F2, 5'-CAAGAGGCGACCAGTCA-3’ resulting in a 142 base pair (bp)
product for the WT allele and a 207 bp product for the conditional, Fgfr2 floxed,
allele 5'-AAG GTA GAG TGA TGA AAG TTG TT-3, and 5'-CAC CAT GTC
CTC TGT CTA TTC-3’ primers were used to detect the CtnnbI-mutant allele
(~300bp) and wild-type allele (223 bp)*. A separate set of primers, FR2-F1 and
FR2-F3, 5'-CATAGCACAGGCCAGGT-3’ were used to detect the Fgfr2 locus
following recombination by Cre recombinase (244-bp product)®*. For PSCNe21-GFP
mice, we performed PCR for the detection of a Shh®* allele in the tail tissue
samples and further confirmed the Fgfr2 expression in the GFP-negative tracheal
epithelial layers using Fgfr2-specific antibody (Santa Cruz, sc-6930). The antibody
signal was amplified by the Tyramide Signal Amplification kit (Perkin Elmer,
NEL704A001KT, TSA-Cy3 1:100 dilution). The GFP fluorophore in PO pup skin
was activated by Dark Reader Handlamp (Clare Chemical Research, HL34T) and
monitored by digital camera video mode through the Reader viewing filters (Clare
Chemical Research, AG16).

Immunofluorescence. Tissue sections or cultured PSCs were incubated with
primary antibodies overnight at 4°C, washed in PBS and incubated with secondary
antibody conjugated with Alexa488, 567 or 647 (1:300) with NucBlue Fixed Cell
ReadyProbes Reagent (DAPI) (Life tech., Ra37606) for 1.5h. Samples were washed
with PBS and mounted with ProLong Gold antifade reagent (Invitrogen, P36962).
IF analysis was performed in 10-um sections from WT, Fgfr2"r or chimeric

mice at PO or P80 using the M.O.M. (mouse on mouse) kit (Vector Laboratories)
according to the manufacturer’s protocol. Antigen retrieval was performed using
Unmasking Solution (Vector Laboratories H-3300) and microwaving of samples
for 3 min at around 100 °C. The following antibodies were used: anti-acetylated
B-tubulin IV (Abcam, ab11315, 1:500), anti-GFP chicken polyclonal antibody
(pAb) (Thermo Scientific, 1:500), anti-Scgblal goat (Santa Cruz, sc-9772, 1:500),
anti-Pdpn (R&D, AF3244, 1:200), anti-Hop (Santa Cruz sc- 398703, 1:100), anti-
Sftpc (Seven Hills WRAB-9337, 1:1,000), anti-Cgrp (Sigma, C8198, 1:1,000),
anti-Sox2 rat (eBiosience, 14-9811-82), anti-SMA rabbit (Cell Signaling, 19245),
anti-Oct4 (Gentetex, GT486, 1:100), anti-SSEA1 (SantaCruz, sc-101462, 1:50),
anti-Oct4 (R&D, AF1759) and Histone H4ac (pan-acetyl) (Active Motif, 39925).
Isolectin B4 (Life Tech., 132450) was used at a dilution of 1:500 in PBS overnight
at 4°C prior to the staining above to visualize vascular endothelial cells. For the
whole-mount staining, we used SeeDB2 methods™. Images were acquired using a
Nikon Labophot 2 microscope equipped with a Nikon Digital Sight DS-Ril charge-
coupled device camera or on a Zeiss LSM710 confocal laser scanning microscope
or using 3D-SIM microscopy”’.

Preparation of pluripotent stem cells. We cultured PSC¥<21-GfF cells (passage

15) for 5 days before blastocyst injection with 2i/LIF medium® containing 1 pM
PD0325901 (Tocris, no. 4192), 3uM CHIR99021 (Tocris, no. 4423) and LIF

(1000 U ml™, Millipore, no. ESG1106) in DMEM based-serum medium (Gibco
no. 11995, cat. no. 10569-044) supplemented with 14% ESC qualified FBS
(Hyclone SH30070.03E), Glutamax (Giboco, no. 35050061), NEAA (Invitrogen,
no. 11140050), 0.1 mM BME (Sigma, no. M6250) and pen/strep (Gibco, no. 30-
001-CI). To assess the impact of each defined PSC medium on the maintenance of
PSCs (PSCNe21-GFP PGCCAG-CGI?) these were cultured for 5 days on irradiated MEFs
(CF1 mouse embryonic fibroblasts, Life tech, no. A34181) in DMEM-based serum
medium containing LIF (2000 U ml™) for LIF, further supplemented with 0.5mM
VPA (Sigma, no. P4543) for VPA/LIF; 1.5 uM CGP77675 (Sigma no. SML0314)
and 3 pM CHIR99021 for a2i/LIF; 1 pM PD0325901 and 3 pM CHIR99021 for 2i/
LIF; 1pM PD0325901 and 3 pM CHIR99021, 0.5 mM VPA (Sigma, no. P4543)
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for 2i/VPA/LIF; and 3 uM CHIR99021, 1.5uM CGP77675 (Sigma no. SML0314),
0.5mM VPA (Sigma, no. P4543) for a2i/VPA/LIF, respectively’*'. MEFs were
prepared at a density of 2 10° per a six-well plate in DMEM-based MEF medium
the day before plating PSCs*. These PSC cells were passaged at a split ratio of 1:6
every 2-3 d. For the analyses of flow cytometry, we used PSC®S-* cultured for

5 days in each experimental condition. Briefly, cultured cells were trypsinized for
30s-1min with 0.05% trypsin, and were resuspended in 10 ml cold DMEM + 10%
FBS, immediately. Samples were centrifuged for 3 min at room temperature at
1,000 r.p.m., and the supernatant was removed. After filtering the cells with a
35-um nylon mesh (FisherScientific, 08-771-23), we performed live-cell staining
on ice for 20 min with the following antibodies and dyes in cold flow buffer
(PBS+0.2% BSA) according to the manufacturer’s protocol: SSEA1-BV421
(BioLegend, 125613: 1:200 dilution), PECAM-APC (BioLegend, 102509: 1:200
dilution), Zombie Aqua Fixable Viability Kit (BioLegend, 423101). We performed
flow cytometry by BD LSR II Flow Cytometer and performed analysis using FlowJo
software (Fig. 2a and Extended Data Fig. 2b,c). Statistical analyses were performed
using a one-way analysis of variance (ANOVA) for the evaluation of the proportion
of Sseal*Pecam* PSCs™?!-*” among the parental population (live cells) in three
independent biological samples per each condition. For immunofluorescence
analyses of Oct4 and Sseal expression, we fixed the cells with 4% PFA for 15min at
room temperature and stained with each antibody, as described above.

Quantification of the pluripotency markers in the colonies of pluripotent stem
cells. Images of Oct4, Sseal or pan-acetyl Histone H4 staining were captured
using the same parameters for each cell culture condition using a DMi8 (Leica
Microsystems) inverted microscope. We performed quantitative analyses using
Image]J software. Briefly, we acquired Oct4- or pan-acetyl Histone H4 MFI of

each colony cultured in the six different conditions (LIF, 2i/LIF, a2i/LIE, VPA/

LIE, 2i/VPA/LIF, a2i/VPA/LIF) on the basis of the histogram of ImageJ program
(Analyze > Histogram). The edge of each colony was manually selected using a
freehand selection tool of Image]. Twenty colonies from five different fields of
each cell-culture condition were randomly selected for Oct4 and Sseal co-staining
or pan-acetyl Histone H4 staining per experiment. To acquire relative MFI, we
subtracted the background MFI of randomly selected non-colony area from 5
different fields, and then each subtracted MFI was normalized by dividing the
average of MFI of the 20 colonies in LIF condition. The graphs are representative
of three independent experiments. Then, we performed a Student’s ¢-test for

the statistical analyses of Oct4 and Sseal co-staining or pan-acetyl Histone H4
staining for the tested conditions. For the quantification of single Sseal staining
by immunofluorescence, 5 random fields containing 11.5 colonies per field were
captured using a DMi8 Leica microscope. Then, we classified those colonies into
three categories based on the signal intensity of SSEA1 (Ssealt¢h, Sseal™, or Sseal”
(representative images in the upper panels of Extended Data Fig. 7a). We generated
the graphs to represent means and standard errors (n =5 fields) depicting the
proportion of those categories in each condition. Each graph of Sseal analyses was
representative of three independent experiments. Results from Ssealt" PSC in
each condition were subjected to statistical analyses (one-way ANOVA), expressed
as mean +s.e.m., and differences were considered statistically

significant at P<0.05).

Analysis of GFP* chimerism by flow cytometry. To obtain the percentage of
GFP* cells in lung endothelial, mesenchymal and epithelial cells simultaneously

in the littermate chimeric mice of Fgfr2!; Rosa!d™oma/+, Fgfyahetero; RoggtdTomato/+

or WT, we used the protocol previously reported** with minor modification for
the P1 respiratory tissue analyses. Briefly, we harvested the lungs and tracheas
from those chimeric mice at P1 and placed the tissues into 50-ml tubes containing
10 ml of cold Ham’s F12 medium. After transferring the tissues into 1.5-ml
Eppendorf tubes, we finely minced the tissues by scissors. We then added 100 pl
of pre-warmed dissociation buffer (1 mg ml! DNase (Sigma), 5mg ml' collagen
(Worthington Biochemical Corporation) and 15 U ml Dispase (Corning) in
HBSS). We then minced the tissues again to make them smaller than 3 mm in size.
We then added 900 pl of pre-warmed dissociation buffer (total 1 ml dissociation
buffer), and incubated them at 37°C on the rocker with 135 r.p.m. speed. After
30-45 min of the incubation, we put the tubes back on the ice and filtered the
digested tissues by the 40-pm filter (FALCON cat. no. 352235). The filtered tissues
were centrifuged at 1,400 r.p.m., 4°C, for 5min, and we removed its supernatant.
We resuspended the cell pellets with 1.5ml of cold ACK lysis buffer to lyse
remaining erythrocytes for 3 min at RT. We added 3 ml cold HBSS and centrifuged
them down at 1,400 r.p.m., 4°C, for 3min to remove the lysed blood cells. Then,
we resuspended the cell pellets with 1 ml cold HBSS +0.2% BSA and counted the
cell number (about 3 million per P1 lung) with a hematocytometer. We transferred
1-1.5 million cells in 500 ul (final volume) of flow buffer (cold HBSS, 0.2% BSA
and 5uM Y27632), and then added 10 pl Fc Block (BD Pharmingen; cat. no.
553141) per sample and incubate for 10 min at 4 °C. Then, we added the following
antibodies: PECAM-BV421 (BD Pharmingen, cat. no. 562939, 1/250 dilution),
EPCAM-BV711 (BioLegend, 118233, 1/200), Aqua Zombie (BioLegend, 423101,
1/500), CD45-BV605 (BioLegend, 103155, 1/200) for 30 min on ice. After the
staining, we washed the samples with flow buffer and resuspended them in 500 ul
flow buffer for the subsequent analyses by Flow cytometer (FACS Aria; gating
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strategy in Extended Data Fig. 8). For setting up compensation and the voltage

of each channel to avoid the background of autofluorescence and spill over each
fluorophore signal to the other channels, we acquired 5 X 10° events from unstained
control sample (WT CD1 mouse P1 lungs and trachea), each single staining sample
(WT CD1 mice P1 lungs and trachea), PSCAG-GI? (for GFP* events) and ES]tdomate
(for tdTomato* events). For Zombie Aqua staining, we used WT CD1 mice P1
lungs and trachea incubated on ice to increase the population of dead cells (shown
in Extended Data Fig. 8).

Blastocyst preparation and embryo transfer. Blastocysts were prepared by mating
Shh®r; Fgfr21+ males with superovulated Fgfr21o¥iox females. For testing the effect
of different culture conditions, we used WT (C57BL/6N X 129S6x CD1) males

and females. Briefly, PMSG (pregnant mare serum gonadotropin, 5 IU in 0.1 ml
PBS per mouse) was administered 48 h prior to mating, and hCG (51U in 0.1 ml
PBS per mouse) was administered 12h before its mating as an intraperitoneal
injection”. Blastocysts were harvested at E2.25, and 8-20 PSCs were injected into
each blastocyst (Table 1). After the PSC injection, blastocysts were cultured in M2
medium (Cosmobio) for a few hours in a 37°C, 5% CO, incubator for its recovery.
Then, blastocysts were transferred to the uterus of the pseudopregnant foster
mother, according to a protocol approved by the Columbia University Institutional
Animal Care and Use Committee.

Sorting liver cells for genotyping. Genotyping of the chimeric mice was
performed in liver cells prior to fixation for histological analyses. Briefly, the
dissected liver tissue from each pup (PO, P1) or embryos (E12.5, E15.5) was sliced
(0.5cm % 0.2 cm) and minced for 5 min using scissors. Tissues were trypsinized
with 500 ul 0.25% trypsin (Invitrogen) for 15min at 37°C, and the enzyme

was inactivated with an equal amount of cold 100% fetal bovine serum (FBS).
These cells were centrifuged at 1,000 r.p.m., 4°C, 5min, and the supernatant was
removed. Cells were resuspended in 1 ml flow buffer (PBS + 0. 2% bovine serum
albumin (BSA), passed through a 40-um-pore nylon-mesh filter and transferred
into a flow tube. Cells were stained with DAPI (1/1,000) for 5min to remove dead
cells. More than 10,000 cells per liver were sorted by FACS Area with the GFP-
negative gate used for genotyping. The sorting purity was usually more than 90%.
After removing the flow buffer by centrifuging at 1,000 r.p.m., 4 °C, 5min, cells
were then stored at —20°C. We performed PCR with Tm-adjusted primers and the
GFP-negative population as a template. The chimerism (measured as % GFP*/live
cells) in the liver cells was analyzed from the fcs files of sorted data by FlowJo.

Hematopoietic progenitor cells in colony-forming unit assays for genotyping

of adult chimeric mice. To determine the genotyping before the pulmonary
function test in the live chimeric adult mice, we performed a colony-formation
assay in the MethoCult medium (Stemcells, no. M3434). Briefly, we harvested
0.2ml into the 1-ml Eppendorf tube containing 20 ul 0.5mM EDTA blood from
the submandibular vein of chimeric mice by using a 5mm lancet*'. After the
treatment with RBC lysis buffer (BioLegend, no. 420301) to each blood sample
according to the manufacture’s protocol, we removed lysed blood cells contained in
the supernatant and, kept cell pellets it in 100 pl cold PBS. After counting these cell
numbers, we plated each 0.4 X 10° cells per well resuspended in 300 ul MethoCult
medium containing 100 pg ml™! Primocine (IvivoGen, no. ant-pm-1) in a 24-well
plate. Since the MethoCult medium is highly viscous, we used blunt-end needles,
16 gauge (Stemcells, no. 28110) to plate the cells equally in 24-well plates. We could
obtain about 10 isolated colonies per 3 wells, and then we manually picked up at
least 5 colonies from each mouse blood sample by using a 10-pl pipette for the
subsequent genotyping analyses by using EZ Fast Blood/Cell PCR Genotyping Kit
(EZ BioResearch cat. no. G1002).

Morphometric analyses. To determine the relative number of specific cell
populations in PO chimeric lungs, 10 non-overlapping random fields per mice were
analyzed (X20 magnification) after capturing the images by confocal microscopy
(Zeiss LSM710)*. For each field, we counted the number of GFP* cells co-
immunostained with specific antibodies. DAPI co-staining was used to determine
the cell number for each lineage as identified by differentiation markers, such as
Sftpc, p4-tubulin and CC10, for alveolar type 2 cells, multiciliated cells and club
secretory cells, respectively. Sox2 was used as a general marker for airway epithelial
cell progenitors. Statistical analysis was performed (Student’s t-test) and differences
were considered significant if P<0.01. Pdpn*GFP*area, Pdpn*Hopx*GFP* triple-
positive area for the type 1 cells and PECAM*GFP* area for vascular endothelial
cells were calculated by Image J (NIH). Briefly, 10 non-overlapping random fields
per mouse were captured using the same confocal microscopy settings. Each

signal threshold of GFP, Pdpn, Hopx and Pecam was determined on the basis

of each negative control: non-chimeric mouse tissue section of Shh®; Fgfr2ev+
against GFP signal; secondary antibody only against each signal of Pdpn, Hopx
and PECAM. The Hopx*Pdpn* double-positive area was determined by pasting
Hopx stained image on the corresponding field of the Pdpn-stained image, and the
non-overlapped area was subtracted by Image]. The percentage of GFP labeling is
determined by the following formula: Pdpn*GFP*/Pdpn* X 1.453 (normalization
value) X 100, Pdpn*Hopx*GFP*/Pdpn*Hopx* x 1.406 (normalization value) X 100,
Pecam™GFP*/PECAM* X 1.306 (normalization value) X 100. Each normalization
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value was determined based on the average ratio of five overlapping fields of
Fgfr2emil+ GFP samples. For example, in the case of Pdpn, the normalization value
was (Pdpn*area)/(Pdpn*GFP*area) in the five Pdpn*GFP* overlapping fields of
Fgfr2em! + GFP samples.

Quantitative real-time PCR. We treated the cells for 5 days in 6 different
cell-culture conditions (LIF, LIF/2i, LIF/a2i, VAP/LIF, 2i/VPA/LIF and a2i/
VPA/LIF). Total RNA from each cell sample was extracted using the RNeasy
Mini Kit (Qiagen, no. 74104) and reverse-transcribed using Superscript

III (Invitrogen, no. 18080-051). Reactions (25 pl) were performed using

ABI 7000 (Applied Biosystems) and SYBR Green Master Mix (Thermo
Fisher, no. A25741). The relative abundance of the RNA for each gene to
B-actin mRNA was determined using the 2724 method. The following
primers were used: Dnmt3a forward 5'-CCTGCAATGACCTCTCCATT-3;
Dnmt3a reverse 5'-CAGGAGGCGGTAGAACTCAA-3’; Dnmt3b

forward 5'-TGGTGATTGGTGGAAGCC-3’; Dnmt3b reverse
5'-AATGGACGGTTGTCGCC-3'. Data were represented as mean + s.e.m.
of measurements in each culture condition and analyzed by Student’s t-test.
Differences were considered statistically significant if P <0.05; the number of
animals per group are provided in the legends

Western blot analysis. PSCs were cultured for 5 days (LIF, LIF/2i, LIF/a2i, VAP/
LIE 2i/VPA/LIF and a2i/VPA/LIF) and Western blot analysis was performed as
reported previously®. Cells were lysed in laemmli buffer (Sigma, no. $3401) and
boiled for 15 min at 95°C. Lysates were then separated by SDS—polyacrylamide
gel electrophoresis (SDS-PAGE), transferred to a nitrocellulose membrane,
blocked in 5% nonfat milk in PBS plus 0.5% Tween-20, probed with primary
antibodies, and detected with horseradish-peroxidase-conjugated anti-rabbit

or anti-mouse secondary antibodies (GE Healthcare). The following primary
antibodies were used: anti-Histone H4ac (pan-acetyl) (Active Motif, no. 39925,
dilution 1:1,000), Histone H3K27me3 antibody (monoclonal antibody) (Cell
Signaling Tech, no. 2901, dilution 1:1,000) and Histone H3K4me3 antibody
(pAb) (Active Motif, no. 39915, dilution 1:1,000). Anti-Histone H3 (Abcam, no.
ab1791, dilution 1:1,000) antibodies were used as internal controls. Enhanced
chemiluminescence was detected using LAS 4000 (GE Health Care). Quantitative
analysis for the western blots was performed by calculating the relative density of
the immunoreactive bands after the acquisition of the blot image with a LAS 4000
CCD video camera module and analyzing with the Image 152 g program (Wayne
Rasband, NIH, Research Service Branch, NIMH, Bethesda, MD). Briefly, we
subtracted the background density value (the average of five randomly selected
equal size of the area) to the acquired density value of each blot. Then, we divided
each subtracted density value by the subtracted value of the LIF sample for
obtaining normalized relative values.

LINE-1 ELISA analyses. To measure 5-mC levels of Long Interspersed Nucleotide
Element 1 (LINE-1) repeats, we treated the cells for 5 days in 6 different cell
culture conditions (LIF, LIF/2i, LIF/a2i, VAP/LIF, 2i/VPA/LIF and a2i/VPA/LIF).
We performed ELISA-based LINE-1 analyses according to the manufactured
protocol (Active Motif, no. 55017). Briefly, genomic DNA was enzymatically
digested with Msel enzyme to generate the appropriate fragments to hybridize

to a biotinylated consensus sequence. Hybridized samples were immobilized to

a 96-well plate, and methylated cytosines are identified using a 5-methylcytosine
antibody, HRP-conjugated secondary antibody and colorimetric detection
reagents. Generating a standard curve using the included DNA standards with
known LINE-1 methylation levels provided the relative level of 5-methylcytosine
in each DNA sample. Statistical analyses were performed using one-way ANOVA.
Results were expressed as mean +s.e.m., and differences are considered statistically
significant if P <0.05.

3D structured illumination microscopy. To further demonstrate chimerism

and complementation of alveolar type 1 cells (GFP and IF with Pdpn) at high
resolution we used structured illumination microscopy (SIM), performed with a
Nikon N-SIM based on an Eclipse Ti inverted microscope using an SR Apo-TIRF
%x100/1.49 oil-immersion objective and an Andor iXon 3 EMCCD camera, as
described previously”. Briefly, the images for each lung cell were acquired in 3D-
SIM mode using excitation at 405 nm, 488 nm and 561 nm and standard filter sets
for blue, green and red emission. Image z-stacks were collected with a z interval of
200 nm. SIM image reconstruction, channel alignment and 3D reconstruction were
performed using NIS-Elements AR software. The images were visualized using an
alpha-rendering mode that can show the signal of the structural surface.

Pulmonary function assessment. Chimeric mutant mice (Fgfr2c™! 4 PSCCAG-GF?
or Ctnnb 1"+ PSCCAG-GFP) and its littermate control WT mice were anesthetized
with pentobarbital (intraperitoneally, 50 mg per kg (body weight)). Once surgical
anesthesia was achieved, mice were tracheotomized with an 18G cannula and
connected to a flexiVent (SciReq, Montreal, Quebec, Canada) with an FX1.
Module and an in-line nebulizer were described previously*’. Mice were
mechanically ventilated at 150 breaths per min, with a tidal volume of 10 ml per kg
and a positive end-expiratory pressure of 3cm H,0O. Muscle paralysis was achieved
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with succinylcholine (i.p., 10 mg per kg (body weight)) to prevent respiratory effort.
By using the forced oscillation technique, baseline measurements of the resistance
(Rrs), compliance (Crs) and elastance (Ers) of the respiratory system were
measured. A baseline measure of central airway resistance (Rn) was performed,
followed by subsequent Rn measurements during nebulized methacholine (0, 6.25,
12.5, 25 and 50 mg ml™) challenge (10-s nebulization, 50% duty cycle). Values for
all measurements represent an average of three replicates. EKG and temperature
were continuously monitored. Statistical analysis was performed by Student’s
t-test, paired. Results were expressed as mean +s.e.m. and differences considered
statistically significant if P<0.05. The number of animals per group are provided
in the legends.

Study approval. All experiments involving animals were performed according to
the protocol approved by the Columbia University Institutional Animal Care and
Use Committee and USAMRMC Animal Care and Use Review Office (ACURO).

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

All files and processed data are also available from the corresponding author upon
request. No database was generated. Source Data for Figs. 1-3 and Extended Data
Figs. 2,4, 5 and 7-10 are available online.
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Extended Data Fig. 1| PSCV*?"6 rescues lung agenesis in Fgfr2-deficient mutants, but lungs are immature. a, Schematic of experimental procedure (left)
and representative macroscopic view of the lungs and heart (ht) from newborn (PO) mice Fgfr2<™" complemented by donor 2i/LIF-cultured PSCN#2-6/,
Right panel depicts GFP signals in the lungs not present in the heart (outlined). b, Representative GFP expression in lung section of PO Fgfr2cm! 4+ PSCNe2--GF;
strong signals throughout all epithelial tubes, less prominent in the mesenchyme and its derivatives (Ex. large vessels, center). Asterisk (*) marks distal
epithelial tubules unable to form distal saccules resulting in immature non-functional lungs. Immunofluorescence of Nkx2-1 and quantitative analysis
confirming extensive double-labeling with GFP (single channels shown in small panels). Graph represents mean +s.e.m. of % GFP*lung epithelial

cells in five random fields per sample (n=2 animals). c-f, Representative immunofluorescence and confocal images of lungs double-labeled with

GFP and markers of alveolar type 1 (Pdpn) and type 2 (Sftpc) or airway multiciliated (acetylated a-tub) or secretory (Scgblal) cells (n=3-4 per group).
Boxed area (f) enlarged in the right panels. b-f, images also displayed as single channels; DAPI in grey. Scale bars: a, b, c-e, f: 1Tmm, 20 pm, 10 pm, and

20 pm, respectively.
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | Effect of PSC cell culture conditions in pluripotency markers. a, Representative morphology of PSCA%-" colonies and
immunofluorescence image of Sseal and Pecam expression under the culture conditions listed. b, Representative flow cytometry pseudocolor images (top)
and respective histograms (bottom) showing the increased yield of the Sseal"®"Pecam* PSCA¢-6F" population and high Sseal MFl in cultures treated with
VPA/LIF and a2i/VPA/LIF. ¢, FACS analysis of PSCN2"¢f* cyltured on the conditions indicated. Graph shows differences in the yield of Sseal*Pecam* (%).
Note the effect of the addition of VPA to LIF or a2i/LIF treatment. Bars are mean + standard error of n=3 independent experiments in each culture
condition. Data were analyzed by one-way ANOVA,; differences were significant at **P <0.01. Scale bars: a=10 pm.
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Extended Data Fig. 3 | Complemented distal lung of VPA/LIF-treated PSC¢%-%* Fgfr2 mutants undergo sacculation. a Representative
immunofluorescence confocal imaging depicting the expression of GFP and markers for alveolar type 2 (Sftpc) in the walls of distal saccules in lung
sections of PO VPA/LIF-treated PSCCAS-CF Fgfr2enil mice (left panel, WT PO littermate). b, the 3D-SIM image of PSCA-6F Fgfr2cnl mice showing at high
resolution the staining of alveolar type | surface double-labeled with GFP. Scale bars: a and b,10 pm.
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | Airway epithelial complementation in Fgfr2<™' PSC¢A%-6"Pnewborn chimeric pups. a,b, Immunofluorescence and confocal imaging
depicting GFP double-labeling (arrows) with cell differentiation markers Scgb1al (secretory), p-tubulind (multiciliated) and Cgrp (neuroendocrine) in lung
sections of PO mice from VPA/LIF-treated PSCAC-6F + Fgfr2c™! and WT chimeric littermates; small panels in b depict single channels). ¢, Percentage of
GFP*cells in the lung and tracheal epithelium as determined by quantitative analysis of GFP signals in sections of newborn PO PSCAG-6FP Fgfr2enull animals.
Graph, Mean + s.e.m. of measurements in 5 random fields per section per sample. Student's t-test; **P < 0.01. Right panel, Representative GFP and Sma
immunostaining in a histological section of PO complemented mutant depicting epithelial signals (arrows) consistently strong in intrapulmonary airways
(bracket), but variable or low (asterisks) in the extrapulmonary airway (dashed box) and trachea (Tr). Boxed area enlarged on the right. Sma (alpha-
smooth muscle actin) labeling airway smooth muscle. Scale bars: a, b, €: 10 pm, 10 pm, and 20 pm, respectively.
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Extended Data Fig. 5 | Chimerism in the lung alveolar vascular compartment (a-c) and extrapulmonary organs of animals complemented with VPA/
LIF-treated PSCCA%-¢% (d-f). a, Immunofluorescence and confocal imaging of newborn (PO) WT + PSCCAG-CFP fgfyhetero 4 PSCCAG-GFP and Fgfr2enull 4 PSCEAG-GFP
chimeric lungs. Representative image of blood vessels showing GFP-Isolectin B4 double-labeled endothelial cells (arrows). b, Percentage of GFP labeling in
endothelial (top) and alveolar type | (bottom) cells in PO WT + PSCAC-6F and Fgfr2enu! + PSCEAC-CFP chimeric lungs as determined by morphometric analysis
of sections immunostained with Pecam (top) or Hopx and Pdpn (bottom). Graphs: mean +s.e.m. of measurements in ten non-overlapping random fields
per group (see also Supplementary Fig. 2 and Methods). ¢, GFP-Sma double-labeling of smooth muscle cells (arrow) in blood vessels (bv) and airways
(aw) by immunofluorescence of PO lungs from PSCAS-6? complemented Fgfr2c™" mice. d, Proportion of GFP*cells in the liver from E15.5 and PO chimeric
mice isolated by FACS. Graph represents mean + s.e.m. of PSC¢A%-¢*-complemented WT, Fgfr2ete or Fgfr2<™" animals (n=13, 6, 3 animals, respectively).
e, Representative images of GFP expression in liver (left) and kidney (right) from PO Fgfr2<!l + PSCCAG-67" (whole-mount and histological sections) and
quantitative analysis (bottom) of GFP labeling; graph: mean +s.e.m. of % GFP* cells per field in 5 random fields per group. f, Representative images of GFP
expression in the intestine from WT or Fgfr2c™! injected with PSC®AS-¢ (histological sections) and graph showing % GFP + (mean+s.e.m., 5 random fields
per 5 per group). Statistical analysis (b,d-f): Student's t-test; **P < 0.01, NS: statistically non-significant. Scale bars: a, b=10 pm, 5 pm, respectively; e: top
panel: 20 um, bottom panel: Tmm; f: 10 pm.
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a b
WT+ PSCCAG-GFP Fgfr2enull+ PSCCAG-GFP

Extended Data Fig. 6 | Low chimerism in VPA/LIF-treated PSCsA%-¢** Fgfr2<™!' embryos and defective lung organogenesis. GFP expression in whole-
mount E15.5 embryos and tissues. a, Variable chimerism in E15.5 WT + PSCs®A-6 embryos with different levels of GFP signals in the skin, lung (lu) and

heart (ht: outlined). b, Unilateral rescue of the lung (boxed) in E15.5 Fgfr2<™" embryos complemented with VPA/LIF PSCs®A-6": note low chimerism in the
esophagus (es) and heart. Scale bars: Tmm.
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | Comparative effects of a2i/VPA/LIF with other culture conditions in PSC pluripotency and chimerism. a, Immunofluorescence
and quantitative analysis of Sseal expression in PSCA5-6" colonies in the various media tested. Top panel, representative images of Sseal"s", Sseal?™ and
Ssealete colonies. Bottom panel, graphs showing the percent of Sseal-expressing colonies high, dim or negative as above (left) and percent of Sseal""
colonies (right) in each culture condition. Data are mean +s.e.m of the number of colonies per field in five non-overlapping random fields per condition.

b, IF of Oct4 and SSEATin PSCEAS-CF cultured in the conditions indicated. Left: representative image of Oct4 staining. Right: Graph showing Oct4
expression levels in SSEA1"E" (dots) or Sseal dim/negative pooled (empty dots) PSC colonies cultured as indicated. Mean fluorescent intensity (MFI)

of Oct4 as assessed by imaging of 35 random colonies per culture condition (Image)). Relative MFI per colony shown as the Oct4 MFI of each colony
normalized by the average fluorescent intensity of the PSCs cultured in LIF condition. Graphs in a and b depicting the VPA's ability to enrich for Sseal"s"
PSCs and the a2i/VPA/LIF effect in enhancing Oct4 expression but no significant difference in Oct4 levels between Sseal"¢" and Sseal‘™ a2i/VPA/LIF-
treated PSCs. ¢, Percentage of chimera formation as determined by analysis of skin/coat color in pups at PO from blastocysts injected with PSCs cultured
in each condition and transferred to foster mothers. Graph represents mean +s.e.m. of the percentage of chimeric pups generated from the PSCs indicated
(number of experiments represented by each point in the graph, see Methods). d) Whole-mount brightfield and GFP images of E15.5 embryos showing the
high frequency of GFP-expressing chimera formation from WT hosts injected with a2i/VPA/LIF-treated PSCA%-C" (see also Table 1). Statistical analysis:
one-way ANOVA (a,b) and Student's t-test (c); differences considered statistically significant if *P<0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001,

NS: non-significant. Scale bars: a, b, d=10 pm, 20 um, Tmm respectively.
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Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 8 | FACS-based assessment of cell type-specific chimerism in lung and liver from a2i/VPA/LIF -treated Sseal"s" PSCAG6FP WT,
Fgfr2heter, or Fgfr2<™" hosts. a, Schematics of the CBC approach (Sseal" a2i/VPA/LIF-treated PSC donor cells injected into blastocysts hosts, chimeric
pups identified at birth), tissue isolation/dissociation and gating strategy for flow cytometry (FACS) analysis of different cell types in the lung. Lung cells
(FSC/SCC panels) and singlets (FSC-H/FSC-A) were selected. Within the lung singlets, live cells were gated as an unstained negative control (NC)

and hematopoietic (CD45* versus CD45"). In the CD45" gate, we separated epithelial (Epcam*), endothelial (Pecam™) and other non-endothelial lung
mesenchymal cells (Pecam/Epcam double negative). The percentage of GFP* cells was calculated based on the unstained WT negative control gate.

b, FACS analysis of complemented lungs (left panels) and liver (right panel) from Sseal"" a2i/VPA/LIF -treated PSCCAS-6"P + WT (n=5) Fgfr2hete (n=7)
or Fgfr2<m! (n=2) animals showing the percentage of GFP labeling in lung (epithelial, endothelial or non-endothelial lung mesenchymal) cells and liver.
Graphs (mean +s.e.m) depicting GFP labeling in nearly all lung epithelial cells from Fgfr2c™' compared to heterozygous and WT, inconsistent variable
labeling in lung endothelial/mesenchymal cells and low proportion of GFP*cells in liver regardless of the genotype.
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Extended Data Fig. 9 | Effect of culture conditions in global DNA methylation, DNA methyltransferase gene expression and the patterns of histone
modifications by PSCA%-¢"_a, Analysis of 5-mC levels of Line-1 repeats in cell homogenates from PSCA6-6F cyltures in the conditions indicated (n=3
independent experiments); graph represents mean +s.e.m. showing significantly lower levels of relative DNA methylation in all conditions compared

to LIF. b, Relative levels expression of Dnmt3b and Dnmt3a in PSCA¢-¢F cyltures by gPCR analysis; data were normalized by the LIF averaged values and
represented as mean +s.e.m (n=3 independent experiments). ¢, Western blot of histone methyltransferases and acetylase from PSCs homogenates (n=3
per condition); expression levels quantitated by densitometry analyses and normalized by LIF values. d, Immunofluorescence of histone H4ac in the PSC-
treated cultures indicated (top: representative images). Mean fluorescent intensity (MFI) per colony as assessed by imaging of 20 random colonies per
condition, 5 random fields (Imagel). Graph (bottom) depicting mean +s.e.m of MFI confirm the consistently high levels of H4-pan-acetyl expression in

a2i/VPA/LIF also seen in Western blots. Statistical analyses: one-way ANOVA (a,b) and unpaired Student's t-test (d), significance at *P<0.05, **P < 0.01,
****P < 0.0001, NS: non-significant.
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Extended Data Fig. 10 | Normal growth, differentiation and function of adult lungs from complemented a2i/VPA/LIF-treated PSC%-6"" mature animals
(see also Figs. 2 and 3). a, Representative immunofluorescence confocal imaging of P80 a2i/VPA/LIF-treated PSCEAG-6FP Fgfr2enul and control WT + PSCCAG-GFP
lungs double-labeled with GFP and airway differentiation markers multiciliated (B-tubulin4) and secretory (Scgblal) cells. Arrows: strong GFP overlapping
signals in Fgfr2e™! mutants, contrasting with the less prominent signals (* asterisks) in WT; lower panels: single-channel images. b, Flexivent analysis of
pulmonary function in CBC-complemented day 80 WT (n=6) and Fgfr2<™" (n=4); graph (mean + s.e.m) showing non-significant (NS) difference in the
resistance of conducting airways (Rn). ¢,d, Analysis of body weight in a2i/VPA/LIF PSCA5-6 complemented day 80 WT (n=6), Fgfr2"ete° (n=3), Fgfr2<!
(n=4) animals (¢), and day 50 WT (n=12), CtnnbTt* (n=5), Ctnnb1™" (n=3) animals (d). Graph (mean +s.e.m) indicating no significant difference in
body weight between genotypes in both Fgfr2 and CtnnbT models. e, IF of day50 a2i/VPA/LIF-treated PSCA%-S* + CtnnbT! lungs (n=3). Representative
image of GFP double labeling with markers of secretory (Scgblal) or basal (p63) cells in adult airways (arrows: depicts strong GFP staining contrasting).
Statistical analyses: Student's t-test (b), one-way ANOVA (c,d); NS: statistically non-significant: P> 0.05. Scale bars: a,e =10 pm, 5 pm, respectively.

NATURE MEDICINE | www.nature.com/naturemedicine


http://www.nature.com/naturemedicine

Munemasa Mori, Hiromitsu Nakauchi,

nature rese arCh Corresponding author(s): \l:lvl\j”EiB?Eg;C?f;foso

Last updated by author(s): Aug 21, 2019

Reporting Summary

Nature Research wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Research policies, see Authors & Referees and the Editorial Policy Checklist.

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

XXX O OO0000d0s
OO0 X X XX X XK

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection Prism8 SOFTWARE for statistical analyses, Zen 2.3 SP1 (Black edition from Zeiss company) equipped with Zeiss LSM710 confocal
microscopy for the acquisition of the confocal imaging, Leica imaging software (LAS X 3.4.2.18368) equipped with DMi8 station for the
acquisition of the PSC culture imaging, and Image J (1.52n from NIH) software for the analyses of tissue or PSC imaging.

Data analysis Prism8 ( https://www.graphpad.com/scientific-software/prism/)
Zen, LASX software will be available in Zeiss or Leica microscopy company, respectively.
Image J is available from NIH (https://imagej.nih.gov/ij/).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers.
We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.
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- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

The data that support the findings of this study are available from the corresponding author (M.M., W.C.) upon request.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Sample size for each of the experiments involving molecular or phenotypic characterization of the chimeric/BC animals or manipulation of
PSCs culture conditions were estimated based on our previous reports (analysis of mouse genetic models) and studies from others (Stadfeld
et al. Nature 2010 ; Kobayashi et al. Cell 2010). In all experiments a minimum of 3 replicates was tested per condition . The number of
replicates (n) was provided for all parameters measured and sample sizes are listed in the figure legends. In the relatively few cases we found
high variability in the results, sample size was increased to infer about statistical significance

Data exclusions  none.

Replication All data analyzed resulted from observations performed in 3 or more independent experiments per culture conditions and tested in at least 3
animals per group in the experiments involving generation of chimeric mice and BC . All attempts at replication of these experiments were
successful.

Randomization  Methods of randomization were not required in this study. Samples and corresponding controls were always processed at the same time.

Blinding The investigators were not blinded to group allocation during experiments and outcome assessment of the cultures and animal experiments.
Blinding was not used because the genotyping was determined in advance and the presence of GFP was obvious in the analyses of the
specimens.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a 7 Involved in the study
X Antibodies [] chip-seq
[X] Eukaryotic cell lines [1IIX] Flow cytometry
[] palaeontology [ ] MRI-based neuroimaging

[X] Animals and other organisms
[ ] Human research participants

[] clinical data

XX OX OO S

Antibodies

Antibodies used The following antibodies were used for Immunofluorescence analyses (Page#20-21): anti-acetylated B-tubulin IV (Abcam,
ab11315, 1:500), anti-GFP chicken pAb (Thermo Scientific, 1:500), anti-Scgblal goat (Santa Cruz, #sc-9772, 1:500), anti-Pdpn
(R&D, #AF3244, 1:200), anti-Hop (Santa Cruz #sc- 398703, 1:100), anti-Sftpc (Seven Hills #WRAB-9337, 1:1000), anti-Cgrp (Sigma,
#C8198, 1:1000), anti-Sox2 rat (eBiosience, #14-9811-82), anti-SMA rabbit (Cell signaling, #19245), anti-Oct4 (Gentetex, #GT486,
1:100), anti-SSEA1 (SantaCruz, sc-101462, 1:50), anti-Oct4 (R & D, #AF1759), and Histone H4ac (pan-acetyl) (Active Motif,
#39925). Isolectin B4 (Life tech., 132450) was used at a dilution of 1:500 in PBS overnight at 4 degrees prior to the staining above
to visualize vascular endothelial cells.

The following antibodies were used for flowcytometry analyses (Page#21, #22): For the PSC marker analyses (Page#21), we used
SSEA1-BV421 (BiolLegend, 125613: 1:200 dilution), PECAM-APC (BioLegend, 102509: 1:200 dilution), Zombie Aqua™ Fixable
Viability Kit (BioLegend, 423101). For the chimerism analyses to postnatal chimeric animals (Page#22), we used Fc Block (BD
Pharmingen; Cat# 553141), CD31-BV421 (BD Pharmingen, # 562939, 1/250 dilution), EPCAM-BV711 (BioLegend, 118233, 1/200),
Aqua Zombie (BioLegend, 423101, 1/500), and CD45-BV605 (BioLegend, 103155, 1/200).

Validation All antibodies used in the current study have been previously validated by the manufacturers (see below) and the previous
studies in our lab (Mori et al., Development 2015; Mori et al., Nature Communications 2017; Yang et al. Dev Cell 2018;) and
used according to the manufacturers' instructions. Antibodies were also validated by titration studies and comparison with
positive controls and negative controls.
anti-acetylated B-tubulin IV (Abcam, ab11315, 1:500)
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https://www.abcam.com/beta-iv-tubulin-antibody-onsla6-ab11315.html

anti-GFP chicken pAb (Thermo Scientific, 1:500)
https://www.thermofisher.com/antibody/product/GFP-Antibody-Polyclonal/A10262

anti-Scgblal goat

https://www.scbt.com/browse/cc10-Antibodies/_/N-11zf3a9

anti-Pdpn (R&D, #AF3244, 1:200)
https://www.rndsystems.com/products/mouse-podoplanin-antibody_af3244

anti-Hop (Santa Cruz #sc- 398703, 1:100)

https://www.scbt.com/p/hop-antibody-e-1

anti-Sftpc (Seven Hills #WRAB-9337, 1:1000)
https://www.sevenhillsbioreagents.com/products/anti-pro-sp-c-rabbit-n-terminal

anti-Cgrp (Sigma, #C8198, 1:1000)
https://www.sigmaaldrich.com/catalog/product/sigma/c8198?lang=en&region=US

anti-Sox2 rat (eBiosience, #14-9811-82)
https://www.fishersci.se/shop/products/sox2-rat-anti-human-mouse-clone-btjce-ebioscience/15218187
anti-SMA rabbit (Cell signaling, #19245)
https://www.cellsignal.com/products/primary-antibodies/a-smooth-muscle-actin-d4k9n-xp-rabbit-mab/19245
anti-Oct4 (Gentetex, #GT486, 1:100)
https://www.genetex.com/Product/Detail/Oct4-antibody-GT486/GTX627419?
utm_source=Biocompare&utm_medium=referral&utm_campaign=Biocompare_GeneTex

anti-SSEA1 (SantaCruz, sc-101462, 1:50)

https://www.scbt.com/p/ssea-1-antibody-mc-480

Histone H4ac (pan-acetyl) (Active Motif, #39925)
https://www.activemotif.com/catalog/details/39925/histone-h4-pan-acetyl-antibody-pab-1

Isolectin B4 (Life tech., 132450)

https://www.thermofisher.com/order/catalog/product/I32450

SSEA1-BV421 (BioLegend, 125613: 1:200 dilution)
https://www.biolegend.com/en-gb/products/brilliant-violet-421-anti-mouse-human-cd15-ssea-1-antibody-8995
PECAM-APC (BioLegend, 102509: 1:200 dilution)
https://www.biolegend.com/en-gb/products/apc-anti-mouse-cd31-antibody-375

Zombie Aqua™ Fixable Viability Kit (BioLegend, 423101)
https://www.biolegend.com/en-gb/products/zombie-aqua-fixable-viability-kit-8444

Fc Block (BD Pharmingen; Cat# 553141)
https://www.bdbiosciences.com/us/applications/research/b-cell-research/surface-markers/mouse/purified-rat-anti-mouse-
cd16cd32-mouse-bd-fc-block-24g2/p/553141

CD31-BV421 (BD Pharmingen, # 562939, 1/250 dilution)
https://www.bdbiosciences.com/us/applications/research/stem-cell-research/cancer-research/mouse/bv421-rat-anti-mouse-
cd31-mec-133/p/562939

EPCAM-BV711 (BioLegend, 118233, 1/200)
https://www.biolegend.com/en-us/search-results/brilliant-violet-711-anti-mouse-cd326-ep-cam-antibody-13763
CD45-BV605 (BioLegend, 103155, 1/200)
https://www.biolegend.com/en-us/products/brilliant-violet-605-anti-mouse-cd45-antibody-8721
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Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) All of the cell lines used in this manuscript are described in Page#20-21 in Materials and Methods (See also below).

Authentication The PSC CAG-GFP cell line was authenticated by MTI-GlobalStem at purchase. PSC CAG-GFP and MEFs are commercially
available from Life tech (CF1 mouse embryonic fibroblasts, #A34181) or MTI-GlobalStem (C57BL/6N x 12956 background:
Cat# GSC-5003), respectively and maintained according to the manufacture’s protocol. ES1 CAG-tdTomato(C57BL/6N
background), B7 (C57BL/6N background), SUN107.4 (CD1 background) were derived and authenticated by Dr. Hiromitsu
Nakauchi's lab at Stanford University; CSL2J2 (C57BL/6J C2J background), FL19 ARR3-1 (albino agouti C57BL/6N background),
FL19 ARR3-2 (C57BL/6N background)derived and authenticated by Dr. Lin Chyuan-Sheng at the Columbia University
Transgenic Core Facility. These PSC lines are available upon request. The authenticated PSCNkx2-1-GFP passage 15
(W4/12956) were kindly gifted by Dr. Laertis Oikonomou and Dr. Darrell Kotton, CReM, Boston University.

Mycoplasma contamination All of the cells were tested negative for Mycoplasma contamination.

Commonly misidentified lines  No misidentified cell line was used.
(See ICLAC register)

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals All lines used for generation of chimeric and CBC mice in this manuscript are described in Page#20 in the Materials and Methods
section and Tablel.

Wild animals This study did not involve wild-animals.

Field-collected samples This study did not involve field-collected samples at all.




Ethics oversight All experiments involving animals were performed according to the protocol approved by the Columbia University Institutional
Animal Care and Use Committee and USAMRMC Animal Care and Use Review Office (ACURO).

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry

Plots
Confirm that:
& The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

& The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

|X| All plots are contour plots with outliers or pseudocolor plots.

|X| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology
Sample preparation The methodology for sample preparation is detailed in Page#22 in Materials and methods.
Instrument FACS Aria flow cytometer (Becton Dickinson).
Software Data were analyzed on FlowJo software.

Cell population abundance  More than 10,000 cells/liver or PSC -CAG-GFP were sorted using FACS Aria flow cytometer. GFP negative gate was used for
genotyping. SSEA1 high or dim PSC -CAG-GFP populations were compared for checking efficacy of chimera formation (Fig. 2c).
The sorting purity was checked by re-sorting the cells and purity was found to be more than 90% (Page #23).

Gating strategy The gating strategy is detailed in Supp. Fig. 9 and its legend.

|X| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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Cytoplasmic E2f4 forms organizing centres for
initiation of centriole amplification during
multiciliogenesis

Munemasa Mori!, Renin Hazan?, Paul S. Danielian?, John E. !\/\ahoneyw, Huijun Lil, Jining Lu’, Emily S. Miller?,
Xueliang Zhu3, Jacqueline A. Lees? & Wellington V. Cardoso'

Abnormal development of multiciliated cells is a hallmark of a variety of human conditions
associated with chronic airway diseases, hydrocephalus and infertility. Multiciliogenesis
requires both activation of a specialized transcriptional program and assembly of cytoplasmic
structures for large-scale centriole amplification that generates basal bodies. It remains
unclear, however, what mechanism initiates formation of these multiprotein complexes in
epithelial progenitors. Here we show that this is triggered by nucleocytoplasmic translocation
of the transcription factor E2f4. After inducing a transcriptional program of centriole
biogenesis, E2f4 forms apical cytoplasmic organizing centres for assembly and nucleation of
deuterosomes. Using genetically altered mice and E2F4 mutant proteins we demonstrate that
centriole amplification is crucially dependent on these organizing centres and that, without
cytoplasmic E2f4, deuterosomes are not assembled, halting multiciliogenesis. Thus, E2f4
integrates nuclear and previously unsuspected cytoplasmic events of centriole amplification,
providing new perspectives for the understanding of normal ciliogenesis, ciliopathies and
cancer.
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ilia are microtubule-enriched structures that protrude

from the surface of eukaryotic cells, appearing in

different forms and with distinct biological roles!=>.
Primary cilia act as sensory antenna and signalling hubs that
transmit signals into the cell. In contrast, multicilia are motile
structures that decorate the apical surface of epithelial cells in the
respiratory and the reproductive tracts, ependyma and choroid
plexus. Multiciliated cells play key roles in fluid movement and
absorption?, as well as in organ defence by acting on mucociliary
clearance®. Dysfunction of primary cilia or multicilia results in
human ciliopathies, conditions associated with high morbidity
and mortality®. Primary cilium appears in GO/GI phase cells
when the centrosome migrates to the cell surface, whereupon the
mother centriole forms a basal body that gives rise to the
cilium”®, The process begins with formation of a complex
between the centrosomal proteins Cepl52 and Cep63 on the
proximal side of the mother centriole followed by recruitment of
Plk4 (polo-kinase 4), Sas6 (centriolar assembly protein), Centrin
and other centriolar proteins, which create a cartwheel-like
structure that nucleates the microtubule protuberances to form
the cilium?™!®. Primary cilia formation is entirely mother
centriole-dependent, which replicates only a single daughter
centriole during cell cycle. While the mother centriole pathway
also contributes to multiciliogenesis, it is wholly insufficient for
this role due to its inability to generate the large number of
centrioles required  for multicilia formation®!4. Classical
electron microscopy studies of multiciliogenesis identified 40-80
micron electron-dense granular organelles, called fibrous
granules (FGs), and numerous ring-like structures, the
deuterosomes, present within and adjacent to FGs!>18,
Subsequent studies showed that FG are enriched for Pcml (ref.
19), which was originally thought to be dispensable for
multiciliogenesis based on RNAi knockdown?’. Deuterosomes
share many molecular similarities, but also key differences, with the
mother centriole’. Many constituent proteins are conserved
between the two structures, including Plk4, Cepl52, Sas6 and
Centrin!®1221:22 In contrast, Cep63—of the mother centriole
complex—is replaced bg a related protein Deupl (or Ccdc67) for
deuterosome formation?!. Deuterosome is crucial for procentriole
multiplication. A single deuterosome can hold multiple
procentrioles, and efficiently produce the few hundreds centrioles
required for multiciliogenesis. The existence of this deuterosome-
dependent (DD) process allows centriole amplification and
the development of multiciliated cell uncoupled from cell cycle
control.

There is evidence that multiciliogenesis is triggered by induction
of an E2f4-dependent transcriptional gro§ram of centriole
biogenesis in multiciliated cell precursors®»?%. E2f4 along with
other E2f family members are transcription factors best known for
regulating cell proliferation®>~28, Notably, E2f4 has been recently
shown to mediate the transcriptional responses of Multicilin
(Mcidas), a human ciliopathy-associated gene encoding a well-
conserved regulator of multiciliogenesis in Xenopus’* and
mice?>?. Although these studies show activation of a panel of
multiciliogenesis genes, including Deupl, it is still unknown what
mechanism leads to initiation of deuterosome assembly in
multiciliated precursor cells following the activation of the
centriole biogenesis transcriptional Gprogram. Some studies
propose that FGs seed this process'>1®18, but others argue that
deuterosomes assembly is sgontaneousz’21 or caused by other, yet
to be determined, proteins®>.

Here, we show that this mechanism is crucially dependent on
the nucleocytoplasmic translocation of E2f4. We provide evidence
that cytoplasmic E2f4 forms organizing centres for assembly and
nucleation of deuterosomes to initiate large-scale centriole
amplification in epithelial progenitors.

2

Results

E2f4 undergoes nucleocytoplasmic shift during multiciliogenesis.
To gain initial insights into the ontogeny of E2f4 in differentiating
epithelial cells, we mapped its expression pattern during step-wise
initiation of multiciliogenesis in airway epithelial progenitors
using a well-established model of air-liquid interface (ALI)
culture®®3%, In this assay, adult airway epithelial progenitors
isolated from adult trachea are expanded to confluence and
exposed to an ALI, which triggers differentiation, identified
through a series of well-defined stages. Indirect immunofluore-
scence (IF) for E2f4 and confocal imaging of confluent
multipotent progenitors prior to ALI induction (Stage 1, ALI
day 0) showed nuclear-specific localization of E2f4 (Fig. la,
Supplementary Fig. 1a). However, once the cells were exposed to
an ALI, E2f4 underwent a striking nuclear-to-cytoplasmic
translocation to later become essentially cytoplasmic in
multiciliated cells (Fig. 1la). Small apical cytoplasmic E2f4
granules (<1pum) were initially seen in monociliated cells
(Stage 2; ALI day 0-2). Larger apical E2f4 aggregates (>1pum
diameter) then became evident in ~ 80% of the cells as multicilia
started to form (Stage 3; ALI day 2-4) (Fig. la, Supplementary
Fig. 1a,b). At a later stage, smaller E2f4 granules (<1 pm) were
again observed in mature multiciliated cells bearing longer cilia
(Stage 4; after ALI day 4). Importantly, we found that E2f4
cytoplasmic localization occurred essentially in cells undergoing
multiciliogenesis, but not in secretory progenitors, which
predominantly retained nuclear E2f4 (Supplementary Fig. 1c).
The subcellular localization of E2f4 was further demonstrated by
cell fractionation and western blotting (Fig. 1b, Supplementary
Fig. 10). We extended our analyses to examine the E2f4
subcellular localization during airway differentiation in vivo.
Immunostaining of developing (E12.5-E18.5) and adult murine
lungs showed apical accumulation of E2f4 clearly apparent at
E16.5, coincident with the emergence of multicilia
(Supplementary Fig. 1d). Furthermore, IF analysis of adult
human lung sections detected strong cytoplasmic E2F4 in
multiciliated cells marked by acetylated o-tubulin in stark
comparison to the lower level nuclear E2F4 staining in the
airway progenitor basal cells (Supplementary Fig. 1e). Thus, our
data suggest that the E2f4 nucleocytoplasmic shift during
multiciliogenesis is evolutionary conserved between mouse and
human airways.

E2f4 localizes to areas of procentrioles initiation. To gain
insights into the cellular events mediated by cytoplasmic E2f4,
we coupled IF with confocal and super-resolution three-dimen-
sional-structured illumination microscopy (3D-SIM) and exam-
ined how the distribution of E2f4 protein correlated with the
appearance of early markers of ciliogenesis. Already early in stage
2 cells, E2f4 cytoplasmic signals were clearly detected at two
distinct apical sites: beneath primary cilia, partially overlapping
with the ciliary markers acetylated o-tubulin, y-tubulin and
glutamylated tubulin (Gt335), and in its immediate neighbour-
hood as multiple small foci or granules (Fig. 1¢,d). At the primary
cilium 3D-SIM revealed E2f4 forming ring-like structures with
Cep63 in a region enriched in Cepl52, Plk4 and C-Napl (cen-
trosomal protein Cep250), which marks sites of procentriole
nucleation in parental centrioles®*. The multiple other apical E2f4
foci outside the centrosomal region, also showed ring-like
structures enriched in Cepl52, centrin and the deuterosome
protein Deupl, but not Cep63 (Fig. 1d, Supplementary Fig. 2a,b).
Thus, at the onset of multiciliogenesis both sites of E2f4
expression correlated with markers of procentrioles initiation.
We reasoned that cytoplasmic E2f4 foci could be active sites of
centriole biogenesis in these epithelial progenitors. This was
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reinforced by our analysis of stage 2-3 cells showing that cells
expressing Plk4, a crucial kinase recruited by Cep152 to initiate
centriogenesis'>?!, were mostly double-labelled with E2f4 (80%)

E2f4-Pcml form organizing centres for centriole biogenesis.
Interestingly, the timing of appearance and spatial distribution
of cytoplasmic E2f4 was reminiscent of that described for

or with those cells expressing both E2f4 and Cep152 (~65-70%) FG that form during initiation of large-scale centriole
(Supplementary Fig. 2a). amplification!>®3°,  Indeed, as multipotent progenitors
a
[{((((1§
Stage 1 b Stage 2 L Stage 3 Stage 4
b
c Cytoplasmic Nuclear
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Figure 1 | E2f4 undergoes nucleocytoplasmic translocation to form apical aggregates with centriole biogenesis components during multiciliogenesis.
(@) Immunofluorescence (IF)-confocal imaging depicting apical and basal aspects of adult airway progenitors at distinct stages of multiciliogenesis in
air-liquid interface (ALI) cultures (acetylated a-tub, E2f4; top panels, cells outlined by F-actin; bottom panels: DAPI: nuclear staining). Arrowheads depict
E2f4 subcellular localization along with the markers indicated. (b) Western blotting of E2f4 nuclear and cytoplasmic fractions of ALl culture extracts at
days O, 4, 8: E2f4 accumulation in cytoplasm during differentiation (controls for cellular fractionation: nuclear LaminB1, cytoplasmic GAPDH). (¢) Confocal
analyses, maximum projection view, stage 2 cells: E2f4 apical aggregates (circled areas, arrows) underneath primary cilium marked by acetylated a-tub,
y-tub, Gt335 or in adjacent regions; partial overlap of E2f4 with Plk4 (arrow). (d) IF imaging and diagram depicting cytoplasmic E2f4 at the centrosomal
region (circled area in left panel, associated with c-NapT, centrin, Cep152) forming ring-like structure with Cep63 (3D-SIM) and at non-centrosomal regions
(right panel) forming similar structures with Cep152 and centrin in stage 2 cells. Bars: a,c,d=10, 2.5, 0.5 um, respectively.
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transitioned to stage 2 and E2f4 protein started undergoing
nucleocytoplasmic shift, Pcm1 could be detected as discrete
punctate cytoplasmic signals closely associated with E2f4. Both
signals subsequently overlapped to form small apical aggregates
around and underneath monocilia (marked by acetylated
a—-tubulin and Gt335; Fig. 2a,b). By stage 2-3 confocal analysis
demonstrated E2f4-Pcm1 overlap in aggregates of variable sizes.
Colocalization was demonstrated by quantification of signal
intensities in double-labelled sections, which showed the highest
E2f4 signal between Pcml peaks (Supplementary Fig. 2c).
3D-SIM further confirmed that E2f4 signals are surrounded by
Pcml, clearly establishing the E2f4’s location at the core of
Pcml-containing FG (Fig. 2b; Supplementary Fig. 2c¢;
Supplementary Movie 1). The enrichment in centriole
biogenesis components in E2f4-Pcm1 granules suggested a role
as organizing centres for nucleation of centrioles.

Deuterosomes assemble in cytoplasmic E2f4-Pcml granules.
To further understand the involvement of cytoplasmic E2f4 in
centriole amplification, we examined assembly of deuterosomes
in our system. Deupl specifically label deuterosomes, the struc-
tures that support large-scale (de novo) centriole amplification for
multiciliogenesis®?!. Deupl is a crucial regulator of deuterosome
assembly and known to interact with Cep152 and recruit Plk4 to
activate centriole biogenesis?!"?2. Confocal and 3D-SIM imaging
of epithelial progenitors transitioning to Stage 2 cells showed
Deupl signals associated with emerging cytoplasmic E2f4 and
assembling into characteristic ring-like structures with Cep152.
Notably, small cytoplasmic E2f4 granules (<1 pm) were clearly
localized around the Deupl rings (Fig. 2c). Deupl-E2f4-Cep152
co-immunostaining and profile analysis of confocal sections
demonstrated extensive signal overlap as more apical granules
accumulated later in Stage 2 cells. This was prominent in the
larger apical granules of stage 2-3 cells, suggesting these to be
sites of active deuterosome assembly (Supplementary Fig. 2d). We
then further examined the association between E2f4 and Deupl
in our cells by performing immunoprecipitation and western blot
assays in extracts from adult ALI airway epithelial cultures, and in
293FT cell lines transfected with E2f4 and Deupl. These analyses
revealed a clear interaction between E2f4 and Deupl for both
the endogenous and ectopically expressed proteins (Fig. 2e,
Supplementary Fig. 10). We also gathered biochemical evidence
of E2f4 interaction with Sas6, another centriole biogenesis
core component expressed in these cells (Supplementary
Figs 2e,f and 10). Next, we probed the intimate association of
E2f4 and Deupl during multiciliogenesis by performin
Proximity Ligation Assay (PLA) in ALI cultures from E2f4f ;
R26CTeERT2/+" 3 dult airway progenitors (Tm-treated cultures as
negative controls). This revealed strong E2f4-Deupl PLA signals
specifically in E2f4-sufficient, but not E2f4-deficient cells (Fig. 2d,
Supplementary Fig. 4a). Importantly, we found that E2f4-Deupl
PLA signals overlapped with a subset of Pcm1 foci demonstrating
that all three proteins co-exist in close proximity. Collectively,
our data show that cytoplasmic E2f4 is present in complexes
with two known deuterosome components, Deupl and Sasé6.
These complexes appear to occur in the same location as the
Pcm1-containing FG.

To more precisely define the spatial-temporal relationship
between FGs and deuterosomes during centriole amplification, we
performed triple IF staining for Pcml, Deupl and the centriolar
marker Centrin. Quantitative analysis showed an increasing number
of deuterosomes per cell and increasing Centrin-decorated deutero-
somes as cells differentiate during stages 1-3 (Supplementary Fig. 3).
Interestingly, while in immature cells at stage 2 the vast majority of
Deupl signals were found in Pcm1-enriched areas, the Deupl-Pcml

4

co-localization decreased later as cells matured and underwent
centriole amplification (Supplementary Fig. 3, Supplementary Movie
3-5). Indeed, at later stages centrin-decorated deuterosomes were
increasingly more frequent outside Pcml areas (Supplementary
Fig. 3a,b,g). Moreover, 3D-SIM imaging of Deupl-E2f4 double-
labelled cells and assessment of deuterosome size showed that
mature deuterosomes, harbouring compact rings with larger
diameters!, were most frequently found at the periphery or
outside the E2f4-rich regions (Fig. 2f, i,ij,iii in right panel and in
Supplementary Fig. 4b,c; Supplementary Movie 2). The abundant
centrin labelling outside the E2f4-Pcm1 regions and dissociated from
deuterosomes in stage 4 cells suggested a lesser role for E2f4 after
centriole amplification. Our observations are consistent with the idea
that deuterosomes arise and start nucleating in Pcm1-E2f4 enriched
areas, as formerly proposed for FG!61935,

Conserved E2f4’s role in centriole biogenesis gene transcription.
We examined whether key Multicilin-E2f4 targets identified
during Xenopus multiciliogenesis®* were similarly regulated by
endogenous E2f4 in our system. Mice with systemic E2f4
deficiency were previously shown to be unable to form
multicilia in the respiratory epithelium?3. However further
insights into the cellular events and targets regulated by E2f4
were limited by neonatal lethality due to multiple defects®3. To
overcome this limitation, we generated E2f4"f; R26CT¢ERTZ/ + mjce
to delete E2f4 selectively in epithelial progenitors either in vivo
using a Shh®"®* line that induces recombination early in the
lung epithelium (E2f4ﬂf;8hhcre/ *, herein E2f4C"“ll) or in vitro in
adult ALI cultures upon 4-hydroxytamoxifen treatment (Tm)3°.
Results from both approaches showed that E2{4 deletion does not
prevent primary cilia formation but abolishes multiciliated cells
(Supplementary Fig. 5a and 6a-d). We then performed whole-
genome expression profiling of adult control and Tm-treated
E2f4", MégrEERTZ/ T airway epithelial progenitors prior to and
during initiation of multiciliogenesis (ALI days 0, 2 and 4).
Remarkably, this confirmed the enrichment in centriole
biogenesis genes and extensive overlap with the E2f4 targets
formerly reported in Xenopus®*. Clustering analysis and qPCR
analyses revealed Deupl, Ccno, Myb and others in this group
(Deupl cluster) significantly reduced at ALI day 0, while Plk4,
Sas6, Stii mRNAs (Plk4 cluster) decreased at ALI day2
(Supplementary Fig. 5). A comprehensive characterization of
the E2f4 transcriptional targets from these studies will be reported
elsewhere. Analysis of E18.5 lungs and adult ALI cultures
demonstrated the loss of Foxjl, B-tubulin expression and
disruption of multiciliogenesis in E2f4-deficient epithelium.
Importantly, IF showed none of the large apical aggregates of
Deupl, Cepl52, Pcml present in E2f4-sufficient cells
(Supplementary Fig. 6).

Multiciliogenesis depends on E2f4 nucleocytoplasmic localization.
The observations above supported a broader role for E2f4 in
multiciliogenesis, beyond that originally associated with its
transcriptional activity?* and not yet tested in functional studies.
These results, however, could not provide us with direct insights
into a role for cytoplasmic E2f4 as they could be ascribed to
disruption of the transcriptional program of centriole biogenesis.
To resolve this issue, we generated E2F4 mutants that discri-
minate nuclear from cytoplasmic functions, and compared
their ability to rescue multiciliogenesis in E2f4-deficient airway
progenitors. Lentivirus constructs were generated carrying point
mutations that specifically disrupt the E2f4’s DNA binding
domain resulting in a transcriptionally inactive form (E2F44PED),
or that disrupt its nuclear export signal, preventing cytoplasmic
localization (E2F44NES)37 Flag-HA-tagged versions of E2F44DPBD,
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Figure 2 | Deuterosomes assemble in cytoplasmic E2f4-Pcm1 granules. (a) E2f4-Pcm1 IF confocal image, stagel-2 transition during E2f4
nucleocytoplasmic shift: Pcm1-E2f4 signals adjacent but still not overlapping (inset, enlarged from circled area). (b) Left panel: confocal image stage 2 cells
showing apical Pcm1-labelled granules nearby primary cilia (acetylated a-tub); middle panel: 3D-SIM: Pcm1-E2f4 colocalization (circled area representative
of apical granule on left): E2f4 at the core of Pcm1 granules); right panel: confocal image depicts Pcm1 underneath and nearby Gt335-labelled primary
cilium. See also Supplementary Movie 1. (¢) IF confocal (upper panel) and 3D-SIM (lower panel) of stage 1-2 cells: E2f4 nucleocytoplasmic translocation
and initial association with Deup1 (inset, enlarged from circled area). Assembly of Deup1, Cep152 and cytoplasmic E2f4 into deuterosomes. (d) Proximity
ligation assay (PLA): Deupl+ E2f4 proximity signal overlapping with Pcm1 (left and split panels: circled areas in ALl day3 from E2f4Vt: R26CTeERT2/ + no Tm
administration); specificity of signals confirmed in E2f4-deficient cells (right panel; Tm-treated E2f4¥f; R26CTeERT2/ + cultures; see also Supplementary
Fig. 4a). (e) Co-immunoprecipitation (colP) assays: binding of endogenous (top) or exogenous (bottom) E2f4 to Deupl in ALl day 3 (stage 2) or
Deupl-Flag in 293FT homogenates, respectively (see methods). (f) Deupl1-E2f4 IF, 3D-SIM reconstruction of stage 2 cells (top left) and cells transitioning
to stage 3 (top right). Small Deupl dots assemble into rings inside E2f4 granules but, later, more mature deuterosomes with larger rings locate at the
periphery or outside the E2f4 granules. Arrows iiiiii: representative Deup]1 rings from circled areas enlarged in lower panels shown by split channel (E2f4)
or double Deupl1-E2f4 labelling (less to more mature deuterosomes from left to right). Bars: a-d,f=5, 1, 0.5, 5, 0.5 um, respectively.
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E2F44NES or controls mCherry and wild type (E2F4™T) were
transduced in Tm-treated E2f4"; R26C"ERT2/+ adult airway
progenitors and multiciliogenesis was assessed in ALI cultures.
qPCR analyses confirmed that both E2F44NES and E2F4WT were
indeed transcriptionally active, unlike mCherry and E2F44DPBD
mutants, which were unable to induce expression of the E2f4
target genes Deupl and Foxjl (Fig. 3, left panels). HA immuno-
fluorescence  analyses confirmed the nucleocytoplasmic
localization of all mutants (Fig. 3). Expected cytoplasmic HA
signal was particularly evident in the cells transduced with the
E2F4"Tconstruct, which showed large and small apical granules
double-labelled with HA and E2f4 antibodies (Fig. 4b).
Importantly, E2F44NES_transduced cells displayed HA signals
highly restricted to the nucleus, supporting reliability of our
targeting approach (Figs 3c and 4d).

Analysis of E2F4™T ALI day 6 cultures showed robust rescue of
multiciliogenesis with HA-labelled cells expressing Foxjl, centrin
and acetylated o-tubulin-labelled structures compatible with
multicilia (Fig. 3a; Supplementary Fig. 7). This contrasted
with the inability to form multicilia in the cultures transduced
with mCherry (control) and the transcriptionally inactive
E2F44PBD_ Notably, although E2F44NES was present in the
nucleus and able to induce Foxjl mRNA, no Foxjl immunostain-
ing was detected by day 6 in cultures, in agreement with the
E2F44NES failure to initiate multiciliogenesis in E2f4-deficient
cells (Fig. 3b,c, Supplementary Fig. 7).

Cytoplasmic E2f4 is required for deuterosome assembly.
Consistent with the presence of cytoplasmic HA-E2F4 and the
rescue of multiciliogenesis, we found accumulation of apical Deupl
granules in E2F4"T-transduced cells (Fig. 4a). Thus, E2F4"T
expression in the nucleus induced Deupl and its ability to localize
to the cytoplasm allowed assembly of deuterosomes. In addition,
E2F4"T supported induction and accumulation of Pcml in the
cytoplasm of these cells. The HA-regions were often associated with
Pcml staining in a pattern reminiscent of the FG that we identified
in vivo (Fig. 4a,b). This pattern, however, was not always clear due
to the high expression levels of the HA-tagged constructs, making
HA to often appear more evenly distributed in the cytoplasm. As
expected, no Deupl or Pcml signals were detected in E2F44DPBD
cells (Fig. 4c). Remarkably, although E2F4NES was competent to
induce Deupl, its inability to undergo nucleocytoplasmic shift
resulted in inappropriate localization of Deupl protein. In the
absence of cytoplasmic E2F4, Deupl was unable to form the
characteristic apical cytoplasmic aggregates. Instead, Deupl accu-
mulated in the nucleus as early as ALI day 2 or could be found less
frequently non-aggregated in the cytoplasm (Fig. 4d;
Supplementary Fig. 8). Morphometric assessment of the subcellular
distribution of Deup]1 revealed nuclear signals in nearly 50% of ALI
day6 E2F4/NES_transduced cells. This was in sharp contrast with
E2F4"T, in which nuclear Deupl was found in~5% of the
population (Supplementary Fig. 8c). Moreover, in the absence of
cytoplasmic E2F4 there was no evidence of the Pcml-containing
apical granules or nucleating centrioles in the E2F44NES cells
(Fig. 4d; Supplementary Fig. 7c).

At last, we investigated the co-requirement of nuclear and cyto-
plasmic E2F4 to assemble deuterosomes and initiate multiciliogen-
esis. Thus, we transduced simultaneously the two mutant constructs
that failed individually to rescue the E2f4-deficient phenotgpe.
Lentiviral-mediated cotransduction of E2F4NES and E2F4/PBD in
E2f4 null cells resulted in transcription and apical targeting of
Deupl, formation of Pcml-containing granules and multicilia
formation (Fig. 5). Taken together, we conclude that the multi-
ciliogenesis program is crucially dependent on both nuclear and
cytoplasmic functions of E2f4.

6

Discussion

Here we provide evidence of an unsuspected role for cytoplasmic
E2f4 as a core component of apical multiprotein complexes
crucial for multiciliogenesis. The close association of E2f4 with
Pcml, as well as the timing and spatial distribution in airway
progenitors strongly suggest that cytoplasmic E2f4-Pcm1 aggre-
gates represent the FG classically described during multi-
ciliogenesis. E2f4 is then likely the FG’s most relevant
component, since others, such as Pcml and Bbs4 (Bardet-Biedl
syndrome 4) have been shown not to be essential for multicilia
formation?,

Our data support a model in which cytoplasmic E2f4 acts as the
organizing centre for the recruitment and accumulation of early
regulators of centriole biogenesis, to enable assembly and nucleation
of deuterosomes (Supplementary Fig. 9). Thus, E2f4 acts in a
sequential manner to link two distinct but interrelated processes in
multiciliogenesis, first by inducing a transcriptional program of
centriole biogenesis and then by promoting assembly of the resulting
protein products in the cytoplasm to initiate centriole amplification.

These observations offer a new paradigm to understand the
mechanisms that regulate multiciliogenesis in the lung and
potentially other organs, such as the brain and reproductive tract,
where multiciliated cells are abundant. They can also illuminate
mechanisms of pathogenesis of ciliopathies and cancers in these
organs.

Methods

Mouse strains and genotyping. The BAC clone 104]J05 containing the E2f4
genomic locus (129S6/SvEvTac genomic library; RPCI-22, BACPAC Resource
Center, Children’s Hospital Oakland Research Institute) was used for generation
of the targeting construct via recombineering using standard procedures
(http://redrecombineeringncifcrf.gov/)*8. A DNA fragment harbouring a FRT
flanked PGKEM7neobpA positive selection cassette containing one loxP sequence
and 50 bp of homology to sequences in the first intron of E2f4 at each end was
generated by PCR (Expand High Fidelity PCR System, Roche) from PL451 and
integrated into the E2f4 genomic locus clone via recombineering (reagents
provided by Drs Neal Copeland and Nancy Jenkins, NCI). Subsequently the
plasmid pBR.DT-A (Addgene #35955) containing a diphtheria toxin A negative
selection cassette was amplified using primers containing 50 bp of homology to
sequences located 4.2 kb upstream and 5.8 kb downstream of the first exon of E2f4
and the targeted locus was transferred into this vector via gap repair. The second
loxP sequence was inserted into a KpnI site located in intron four using standard
cloning procedures. All modifications and the exons within the targeting vector
were verified by DNA sequencing. Primer sequences are available on request.
Following linearization the targeting vector was electroporated into v6.5 hybrid
(C57BL/6 x 129S4/Jae) ES cells and DNA isolated from G418 resistant colonies was
screened for homologous recombination by Southern blotting using probes 5 and
3’ to the targeted locus and standard procedures. ES cells containing correctly
targeted loci were additionally screened using a probe to the neo cassette to screen
out clones carrying additional integrations of the targeting vector. Out of 223
clones picked, 8 were correctly targeted. C57BL/6 blastocysts were injected with
correctly targeted ES cells and transplanted into pseudopregnant CD1 mice to
generate chimeras. Chimeras were crossed with C57BL/6 females and following
determination of germline transmission by Southern blotting. Mice heterozygous
for the targeted allele were crossed with mice expressing FLPe recombinase from
the ROSA locus (Jackson Laboratories, stock number 003946) to delete the neo
cassette and generate a conditional floxed allele of E2f4, designated as f. In this
allele Cre mediated recombination would delete exons 2 through 4, which is
predicted to generate a null allele of E2f4. Genotyping was performed by PCR using
the following primers for the E2f4 conditional allele: F4cC, gccattaagcctcagetetgte-
tgg and F4cU, gtgcaccctgagatgtttagtctgg resulting in a 200 bp product for the
wild-type allele and a 293 bp product for the conditional, floxed, allele. F4cC and a
separate primer, ctggaacttgcaatgtagacaagg were used to detect the locus following
recombination by Cre recombinase (244 bp product). The ZsGreenl Cre
recombinase reporter allele’ and the Shh-Cre allele were purchased from Jackson
Laboratories (stock numbers 007906 and 005622); the Rosa26-CreERT? allele? was
provided by Tyler Jacks” laboratory at MIT (NCI Mouse Repository stock number
01XAB). Mice were maintained on a mixed C57BL/6 x 129Sv background. All
animal procedures and experiments were approved by the Institutional Animal
Care and Use Committees at Columbia University and MIT.

Air-liquid interface culture of airway epithelial progenitors. Airway epithelial
progenitors were isolated from adult tracheas of wild type mice or E2f4 mouse
mutants and cultured using well-established protocol (see Methods)*142. For the
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Figure 3 | E2f4 nucleocytoplasmic shift is crucial for multicilia formation. Lentiviral-mediated transduction of HA-tagged E2F4 (diagrams:

E2F4WT E2F44DBD E2F4ANESY or mCherry control constructs in E2f4/F:R26CeERT2/+ airway progenitors treated with Tm (Tamoxifen). Left panels: gPCR of
ALl dayé: increased Foxj1 and Deupl mRNAs by E2F4WT or E2F44NES o but not E2F44PBD compared to mCherry. Bars are mean (+s.e.m.). (a-¢) Right
panels: Immunofluorescence/confocal imaging: HA, acetylated a-tubulin, DAPI (diagram, apical and basal aspects). HA signals in both nucleus and
cytoplasm in E2F4WT and E2F44PBD but only in nuclei of E2F44NES, Rescue of multiciliogenesis (arrow) in E2f4-deficient cells by transduction of E2F4WT but

not E2F44DBD or E2F4ANES (arrowheads: monocilia). Bar in a=5pm.

functional analg

sis of E2f4 in ALI cultures we used adult E2f41/+, E2f4+/);
R26C1'6ERT2/LSL

sGreenl . E2f4f/f; R26CreERT2/LSLZsGreenl mice, as well as mice
lacking the R26LSLZsGreenl allele. Briefly, after treatment with 0.5% pronase
overnight, cells were cultured on collagenl-coated Transwell dishes (Corning)
under submerged conditions in media that allowed expansion of airway
progenitors*? until confluence (7 days). The ALI was established by removing
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media from the upper chamber of Transwell (Day 0 ALI) and culturing

cells in differentiation media (mTEC/serum free, RA media)*? up to 8 days
(Day 8 ALI). Treatment with 1 pM 4-hydroxytamoxifen (Tm) from day —5 to
day 0 was used to induce Cre mediated recombination®®. The efficiency of

recombination was analysed by qPCR, IF for E2f4 and expression of ZsGreenl,
where appropriate.
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Figure 4 | Cytoplasmic E2f4 is required for apical accumulation of Deup1 and Pcm1. (a) Strong apical cytoplasmic induction of Deupl in Tm-treated
E2f4Vf:.R26CTeERT2/ + transduced with E2F4YT (arrow in top panel: ALl day6 cells); HA-Deupl-Pcm1 aggregates confirmed in side projection views at ALI
day2 (circled area in bottom panel). (b) E2F4"T-transduced cells express HA, E2f4, and Pcm1 in overlapping patterns in large and smaller cytoplasmic
granules (single channels and double-labelled low magnification panels; inset: representative double-labelled cell at high magnification; DAPI).

(€) E2F44PBD_transduced cells: HA expression in nucleus and cytoplasm but no Deupl or Pcm1 signals. (d) E2F44NES-transduced cells: HA expression
selectively nuclear; Deupl mislocalized in nuclei (arrow) and unable to form apical aggregates with Pcm1. All bars =5 um.

E2F mutant constructs and lentiviral-mediated gene transduction. Lentiviral
vectors were constructed to express 2 x Flag-HA-tagged wild-type E2F4, nuclear
export signal mutant (ANES 68, 70A + E2F4 51)* or a DNA binding domain mutant
(ADBD, encoding two amino acid replacements in the DNA recognition helix, R56E,
R57F) for rescue experiments. Briefly, we amplified Not1-2 x Flag-HA-E2F4 WT-
BamHI and Not1-2 x Flag-HA-E2F4 NES (68, 70A + E2F4s1)-BamH1 PCR
fragments by polymerase chain reaction (PCR) using pCMV-E2F4 WT*3 or pcDNA-
E2F4 NES (68, 70A, + E2F4s1) as templates and the primer sets of Not1-2 x Flag-
HA-Forward primer: 5'gtcact GCGGCCGCACCGGTTAA CccaccatgGACTACAAA-

8

GACCATGACGGTGATTATAAAGATCATGACATCGATTACagtTacccatac-
gacgtcccagactacgct ATGGCGGAGGCCGGG-3, and stop codon-BamH1-Reverse
primer: 5'-tcact GGATCCACGCGTTTAACtcaGAGGTTGAGAACGGCACATC-3'.
This PCR fragment was subcloned into the BamH1/Not1 sites of pHAGE-EF1a-
Luciferase-W vector. Subsequently, we amplified Not1-2 x Flag-HA-E2F4 ADBD
(R56E, R57F)-BamH1 PCR fragment by PCR-ligation mutagenesis** with pHAGE-
2 x Flag-HA-E2F4 WT-w vector as the template and the primers which include
R56E, R57F mutation: Forward 5'-CGCCAGAAGgagttc ATTTACGACATTA-
CCAATGTTTTGGAAGGT-3', Reverse 5'-AGCTGTACGCCAGAAGgagttcA-
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Figure 5 | Restoration of nuclear and cytoplasmic E2f4 function rescues deuterosome formation and multiciliogenesis in E2f4-deficient cells.
Co-transduction of E2F44PBD and E2F44NES in E2f-deficient cells; IF/confocal imaging. (a) Multicilia formation (acetylated a-tubulin) in HA-labelled cells.
(b) Induction of multiple Deup1 apical aggregates (top: side projection view; bottom: apical and basal view, arrows). (¢) Formation of apical HA-Pcm1

granules (arrows). All bars =5 um.

TTTACGACA-3'. PCR products were generated using pHAGE-2 x Flag-HA-E2F4
WT-w vector as the template and the following primer sets: Not1-2 x Flag-HA-
Forward primer with R56E, R57F mutation-Reverse primer, and R56E, R57F
mutation-Forward primer with stop codon-BamH1-Reverse primer. To obtain the
Notl-2 x Flag-HA-E2F4 ADBD (R56E, R57F)-BamH1 PCR fragment, we
subsequently performed PCR with the mixture of these PCR products (1:1) as the
template, and the primer sets of Not1-2 x Flag-HA-Forward primer and stop
codon-BamH]1-Reverse primer. The PCR fragment was subcloned into the
pHAGE-EF1a-Luciferase-W vector. All of the PCR products were verified by
sequencing (Genewiz). The lentiviral vectors pHAGE-EF1a-Cre-w*! and
PHAGE-EF1a-mCherry-w were kindly gifted from Dr Darrell N. Kotton,

Boston University. Lentiviral vectors were transfected into the packaging cell line
HEK293 (ref. 41). After packaging the virus, supernatant was concentrated by
ultracentrifugation to around 0.5-1 x 10° PFUml ! titre. Lentiviral-mediated
gene transduction was performed at the time of plating (Day — 7 ALI) by infecting
cells with lentivirus at ~30 MOI in mTEC proliferation media supplemented
with 5 uM of the Rho kinase inhibitor Y-27632 (Sigma)“’“, and washed with
media a few days after virus transduction. Overall transduction efficiency was
30-60%, as judged by mCherry expression or indirect immunofluorescence using
anti-HA-tag antibodies.

Immunofluorescence and Immunohistochemistry. Lungs (embryonic, adult)
were fixed in 4% paraformaldehyde (PFA) overnight at 4 °C; ALI cultures were fixed
with 4% (PFA) for 10 min, room temperature or with 100% methanol for 20 min*142,
Human bronchial tissue sections were obtained from healthy non-identified donors.
Immunostaining was performed on 5 pum paraffin lung sections (mouse, human) or
on mouse ALI cultures, as described in refs 41,42. Briefly, samples were incubated
with primary antibodies for 2h or overnight at 4 °C, washed in PBS and incubated
with secondary antibody conjugated with Alexa488, 567 or 647 (Life Technologies,
anti-Mouse: A21202, A10037, A31571, 1:300; anti-rabbit: A21206, A10042, A3157,
1:300) for 2h. When necessary, antigen retrieval was performed using Unmasking
Solution Tris-EDTA buffer (1 mM EDTA/Tris-HCL pH 8.3) for 15min at 110°C in
a pressure cooker. The following antibodies were used: Anti-E2F4 (Millipore, LLF4.2,
1:100)*3, anti-glutamylated tubulin (Adipogene, GT335, 1:250)%2, anti-centrin
(Millipore, 04-1624, 1:500)?%, anti-centrin (Proteintech, 12794-AP-1, 1:500)%,
anti-Pcm1 (Cell Signaling, #5213, 1:50; Santa Cruz, D-19, 1:50), anti-Scgb3a2 (ref. 33)

(gift from Dr S. Kimura, NIH, 1:1000), anti-Foxjl (ref. 45) (eBioscience, #2A, 1:100),
anti-acetylated o~tubulin (Abcam, ab125356, 1:1000), anti-acetylated a—tubulin
(Sigma T7451, 1:2000), anti-B-tubulin IV (Abcam, ab11315, 1:500), Anti-Cre
(Millipore MAB3120, 1:100)*142, and anti-Cre (Millipore, #69050, 1:200,; Cell
signaling, #69050, 1:200)*142, anti-HA (Cell signaling, #2367, #3724, 1:100)*1, anti-
C-Napl (Proteintech, 14498-1-AP, 1:100), anti-CEP63 (Proteintech, 16268-1-AP,
1:100)*. Anti-Deupl (1:500), anti-CEP152 (1:500), anti-PLK4 (1:250) antibodies
were produced in Dr Xueliang Zhu’s lab and previously published?!. F-actin and
nuclei were visualized by Alexa Fluor 647 phalloidin (Life tech. A22287, 1:100)
and NucBlue Fixed Cell ReadyProbes Reagent (DAPI) (Life tech. R37606)%142,
respectively. To determine the specificity of signal from each antibody we used, as a
negative control, normal rabbit, mouse or goat IgG (Santa Cruz) corresponding to the
species of each primary antibody. The lack of epithelial signals in sections of E2f4* ;
ShhC®/+ lungs served as an additional negative control for the specificity of the E2f4
antibody (LLF4.2) (Fig. 4b, Supplementary Figs 6a,b and 11). Further demonstration
of specificity of the E2f4 antibody is provided in Supplementary Fig. 11. Images were
acquired using a Nikon Labophot 2 microscope equipped with a Nikon Digital Sight
DS-Ril charge-coupled device camera or on a Zeiss LSM 700 or LSM710 confocal
laser-scanning microscope equipped with a Motorized Stage, an oil-immersion x 40
or X 63 objective lens and argon laser. For Z-stack analysis, scanning was performed
at 0.25 um per layer.

3D structured illumination (3D-SIM) microscopy. Structured illumination
microscopy (SIM) was performed with a Nikon N-SIM based on an Eclipse Ti
inverted microscope using an SR Apo-TIRF x 100/1.49 oil-immersion objective
and an Andor iXon 3 EMCCD camera. Images were acquired in 3D-SIM mode
using excitation at 488 nm and 561 nm and standard filter sets for green and red
emission. Image z-stacks were collected with a z interval of 125 nm. SIM image
reconstruction, channel alignment and 3D reconstruction were performed using
NIS-Elements AR software.

Morphometric analysis. For quantitative assessment of the changes in E2f4
subcellular localization we performed E2f4 immunostaining in airway epithelial
cells isolated from WT adult tracheas cultured at ALI days 0, 2, 4 and 8

(as representative of stages 1, 2, 3 and 4, respectively). The subcellular localization
of E2f4 was determined as signals present in the nucleus (overlapping with DAPI)

| 8:15857 | DOI: 10.1038/ncomms15857 | www.nature.com/naturecommunications 9


http://www.nature.com/naturecommunications

ARTICLE

or as cytoplasmic aggregates (> 1 pm). The size of E2f4 granules (aggregates) was
determined by measuring the longest diameter of the aggregate based on the signal
intensity in each confocal image. Approximately 100 cells were counted per

time point in five confocal Z-stack sections of three cultures and results were
represented as percentage of E2f4-labelled cells with signals in nucleus or in
cytoplasm (Supplementary Fig. 1). Moreover we analysed the temporal changes in
cytoplasmic E2f4 in ALI cultures by counting the number of large cytoplasmic E2f4
granules (>1pm) in 100 cells in 3 fields per time point at ALI days 0, 2, 4, 8. For
the quantitative analysis of E2f4 association with early markers of centriole, we
counted dot-like immunofluorescence signals of E2f4, Deupl, Plk4 or Cepl152 in
Z-stack images (0.25 um per layer), typically 15-30 layers, in 3-5 non-overlapping
random fields per experimental condition in confocal images captured at x 40
magnification (digital zoom of X 1.5- x 2.7). We analysed 10-50 cells for each
marker based on nuclear staining marked by DAPI, using Zen software (Zeiss). To
estimate how abundance of deuterosomes changes during multiciliogenesis we
counted the total number of Deupl dots per cell across confocal Z-stacks (0.25 pm
per layer; 15-30 layers per cell) in ALI cultures from stages 2-4 (stage 1 has no
deuterosomes) in 31 cells per group. Results were expressed mean ( + s.e.)
(Supplementary Fig. 3e). Changes in the proportion of deuterosomes present in
Pcml-enriched areas as a function of the number of deuterosomes per cell were
determined by counting Deupl-Pcm1 double labelled dots (fully or partially
overlapping signals were considered as positive) and the total number of Deupl
dots per cell across Z-plane stacks (15-30 layers per cell); the percentage of Deupl
double labelling (mean, + s.e.) was plotted against the number of deuterosomes
per cell (in groups of 20) in 48 cells from 3 cultures. Similarly, we determined the
number of Deupl dots double labelled with centrin (partial and total overlap
considered positive) in cells with different number of deuterosomes, and
represented the results as described above (Supplementary Fig. 3f,g). For
quantification of the diameter of Deupl-rings (cradles) we used Zeiss software
(Zeiss, Blue edition) following reconstruction as 3D-SIM images?!. Briefly, the
Deupl signal intensity peak was detected by profile analyses of each Deupl rings
(Zeiss software; see Supplementary Fig. 4b,c) and the diameters of Deupl-rings
were calculated as follows: diameter = (a + b)/2; where a =longest diameter of a
Deupl-ring and b = shortest diameter of Deupl-ring?! using 3D-reconstructed
images. The presence of Deup1-rings either inside, at the periphery, or outside E2f4
granules (as represented in Fig. 2f, Supplementary Fig. 4c by i,ii,iii respectively, in
the lateral panels) was determined at stage 3 (E2f4 granules >1pm). We
determined the relationship between size of deuterosome (diameter of Deupl ring)
and its position in the E2f4 granule (i, inside; ii, at the periphery, or iii, outside).
If the highest signal intensity of the Deupl ring found by profile analyses was
detected inside or at the edge of the E2f4 granule, it was categorized as (i) or (ii),
respectively, otherwise it was categorized as (iii). Deupl structures that still did not
form a ring (typically those <200 nm) were ignored because small Deupl-dots
were already identified as immature deuterosome components in a previous
report?!. We counted the number of cells in each category randomly in

10 cells at stage 3 and represented the results as the average size of deuterosome
(mean % s.e., nanometre diameter) in each group (i, i, iii). Statistical analysis was
performed (Student’s t-test) and differences were considered significant if *P < 0.05.

Quantitative real-time PCR. Total RNA from each sample was extracted using
the RNeasy Mini Kit (Qiagen, #74104) and reverse-transcribed using Superscript
IIT (Invitrogen, #18080-051)*142, ABI 7000 (Applied Biosystems, Foster City, CA,
USA) and Tagman probes for E2f4, Plk4, Cep63, Deupl, Foxjl and B-actin were
used (Assays-on-Demand, Applied Biosystems, Austin, TX, USA). Reactions

(25 ul) were performed using the TagMan Gene Expression Assay (Applied
Biosystems, TX, USA). The relative concentration of the RNA for each gene

to beta-actin mRNA was determined using the equation 2-DCT, where D

CT = (CT mRNA-CT B — actin R).

Western blotting analysis. Cell extracts were prepared using a cell fractionation
kit (Thermo Scientific, NE-PER Nuclear and Cytoplasmic Extraction Reagents)
according to the manufacture’s protocol. For Western blotting!42, samples were
subjected to 4-12% gradient SDS-PAGE electrophoresis and transferred to PVDF
membrane after quantification of the protein concentration via Bradford protein
assay (Pierce Coomassie Plus (Bradford) Assay Kit from Thermo Scientific, Cat#
23236). Membranes were blocked with 8% (for E2f4 blot) or 5% (for all of other
blots) Skim milk (2h, R.T.) and probed with Anti-E2F4 (LLF4.2)(1:500)%3,
anti-Deupl (1:3,000)21, Sas6 (91.390.21, Santa Cruz Biotechnology, 1:10).
Anti-GAPDH (Cell signaling, #2118s, 1:5,000) and anti- LaminB1 (Abcam,
ab65986, 1: 8,000) were used for the internal controls designating the cytoplasmic
and nuclear fractions, respectively. Antigen-antibody complexes were identified
wi\th HRP-conjugated secondary antibodies (Jackson lab). Enhanced
chemiluminescence was detected using LAS 4000 (GE Health Care).

Immunoprecipitation. 293FT cells (Thermo Scientific, Cat# R70007) were
transfected with with the following plasmids; pcDNA mouse E2f4, human SAS6
(Addgene #46382) or pcDNA-Flag-Deupl using TransIT-LT1 reagent (Mirus). We
also used mTECs at ALI day3 for endogenous protein interaction analyses. Cells
were collected and lysed with NP40-based Lysis Buffer (NP-40 soluble fraction);
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20 mM HEPES, 15% Glycerol (Thermo Scientific), 250 mM KCl, 1.2 mM EDTA
(Thermo Scientific), 1% NP-40 (Thermo Scientific), Glutamax x 5 (Thermo Sci-
entific), Proteinase & X 1 Phosphatase inhibitor (Thermo Scientific, Cat# 78443)
and 0.1 mM Phenylmethanesulfonyl fluoride (PMSF) (Sigma Cat# P7626, add just
before use from 200 mM stock) and 1 mM Sodium orthovanadate (200 mM stock)
(Sigma Cat# S6508). The cell lysates were cleared by centrifugation at 3000G for
10 min at 4 °C. Immunoprecipitation for each samples (2 mg per sample) using
40 pl anti-E2F4 agarose beads (Santa Cruz, Cat# sc-866 AC) (prewashed with Lysis
buffer to make 50% slurry) or anti-rabbit IgG agarose beads (Santa Cruz, Cat# sc-
2345) as a control was carried out for 1-2h on rocker on ice. After washing five
times with cold 1 ml lysis buffer and centrifugation (168G, 1 min), 50 pl pH 2.5
Glycine buffer 2 x SDS loading buffer was added to elute protein complexes from
each antibody. After gently tapping, these samples were centrifuged at 168G for
1min at 4 °C. Each supernatant was transferred to another tube immediately to
neutralize the pH to be 7.4 by adding 12ul pH8.5 Tris-HCL on ice. Then,
approximately 12l x 6 SDS sample buffer (Reducing, Boston BioProducts, BP-
111R) and DTT (final conc. 0.1 M) was added prior to boiling the samples for
10 min at 95 °C. Half of the samples (1 mg input) were loaded in a SDS-PAGE gel
and westerns were performed as above. We used Mouse TrueBlot ULTRA: Anti-
Mouse Ig HRP (Rockland, Cat# 18-8817-30, 1:1,000) to the E2F4 blots to decrease
the signal of heavy chain. 80 pug per lane was loaded for the ALI culture input
samples.

Proximity ligation assay. PLA was performed according to the manufacturer’s
protocol (Sigma, DU092102)%. Briefly, ALI day 4 cultures from E2f4//;

R26 CreERTZ yith or without Tamoxifen treatment were fixed with 4% PEA room
temperature for 10 min. Samples were incubated with primary antibodies

(anti E2f4, anti Deupl or the relevant control IgGs, as indicated) using the
immunofluorescence microscopy protocol described above, followed by incubation
with the PLA probe set (anti-rabbit plus strand/anti-mouse minus strand) at
37°C for 2h. Ligation of probes in close proximity was carried out at 37 °C for
30 min, followed by a 100-min amplification step. Subsequently, we performed
immunofluorescence staining for anti-Pcm1 antibody as described above.

All processed slides were mounted using ProLong Gold antifade reagent

(Life Technologies, catalogue no. P36930), and images were captured using

a confocal microscope system (Carl Zeiss, LSM 710).

Microarray analysis. Briefly, airway epithelial prot?).enitors isolated from Tm or
vehicle-treated cultures from adult E2f4”; R26“"FRT2/+ tracheas were analysed at
ALI days 0, 2 and 4 (representative of Stages 1, 2,3). Triplicate samples (each 2
wells per sample) of each group were incubated at 4 °C with RNA-later (Sigma)
overnight at each time point (day 0, day 2, day 4). Total RNA was extracted from
these samples (total 18) using a RNeasy Mini Kit (Qiagen, #74104). We used
Mouse Gene 1.0 ST arrays; data were normalized using the Robust Multiarray
Average (RMA) algorithm and a CDF (Chip Definition File) that maps the probes
on the array to unique Entrez Gene identifiers. The technical quality of the
arrays was assessed by two quality metrics: Relative Log Expression (RLE) and
Normalized Unscaled Standard Error (NUSE). Pairwise Student ¢ tests were
performed between the control and mutant (KO) groups for comparisons within
each time point. To identify centriole biogenesis genes differentially altered in E2f4
mutant (KO) cultures and control, we first examined the expression of 724 genes
associated with centriole biogenesis reported in Ma et al. (Table 1 of reference??).
This revealed expression of 266 of these genes significantly altered at DO in E2f4
KO cultures. Clustering analysis showed that 10 genes are clustered together with
Deupl/Ccdc67 (downregulated in KO samples at ALI day0) and 16 genes are
clustered together with Plk4 (downregulated in KO samples at day2). This
contrasted with the relatively unchanged levels of Cep63 (consistent with results
from Ma et al.?*. Changes in gene expression were confirmed by qRT-PCR.

Data availability. All relevant data are included in this article and Supplementary
Information files or available from the authors upon request. Microarray datasets
have been deposited in the NCBI GEO database (GEO Submission No. GSE73331).
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Millions worldwide suffer from incurable lung diseases, and organ transplantation remains
their only hope. Bioengineering and regenerative medicine are promising for lung tissue
production. However, no technology is available for the entire lung manufacturing composed of
tissue-specific mesenchyme, epithelium, and endothelium. We postulated that targeting a single
lineage, permissive for all cell type differentiation in a specific organ, to vacant a bona fide organ-
generative lineage (BFL) will lead to the whole organ production via conditional blastocyst
complementation. Here, by lineage tracing, we demonstrated that Foxa2-lineage contributed to
both parenchymal and mesenchymal tissues of a developing lung. This was due to the partial
overlap of the Foxa2-lineage with the Pdgfra" mesendoderm lineage during gastrulation that gives
rise to the entire lung mesoderm. The induction of Fgfr2 gene depletion, specifically in the Foxa2-
lineage, resulted in defects in the endodermal and mesodermal lung niches, leading to lung
agenesis phenotype. Strikingly, donor iPSCs complemented the lung agenesis phenotype and
produced the entire lungs, including epithelium, mesenchyme, and endothelium, following
blastocyst injection. Together, targeting BFL represents a novel paradigm for whole organ
manufacturing, holding great potential for future human whole lung generation in large animals.

KEYWORDS (3-10)

Entire organ generation

Conditional blastocyst complementation
Lung generation

Lung mesenchyme precursors

Lung mesenchyme origin

Lateral plate mesoderm



Lung manufacturing to cure various refractory lung diseases has been challenging for many
decades' . Lung regeneration strategies such as recellularizing tissue-specific progenitors into the
decellularized scaffolds, induced pluripotent stem cells (iPSC)-derived organoids, and 3d-
bioprinters have been promising for next-generation tissue transplantation therapies®>’, while the
mammalian lung is one of the most demanding organs to replicate, which contains hundreds of
airway branching, inflatable well-vascularized micron-sized thin alveolar layer, composed of more
than 50 various cell types, and the origin of those cells is largely unknown>!°. Despite the severe
scarcity of donor lungs for lung transplantation worldwide, none of the technologies overcame all
of those issues and achieved the entire lung production.

Blastocyst complementation (BC) has been proposed as an auspicious option for tissue-
specific niche complementation'!. This unique BC technology was further developed for intra- and
inter-specific tissue generations such as kidneys, pancreas, and vessels'?>"'>. However, producing
the entire organs, including endothelial cells and tissue-specific epithelium and mesenchyme, has
still been challenging. Previously, we established a refined BC technique, named the conditional
blastocyst complementation (CBC) approach, that targets the specific lineage to be complemented
by donor pluripotent stem cells'¢. Using lineage-specific drivers in the CBC system, we can avoid
the gene ablation effect in the off-target organs for generating the vacant organ niche. Briefly, we
rescued the lung agenesis phenotype caused by the conditional ablation of Fgfr2 under the sonic
hedgehog (Shh) promoter (Shh<"®*; Fgfi-2"*/ox) via injecting GFP-labelled pluripotent stem cells
(PSCCAS-SFPy in host blastocysts'é. Those neonates survived until adulthood with fully functional
lungs holding nearly 100% replacement of lung epithelial cells by donor cells. The CBC model
achieved a highly efficient complementation rate and functional chimeric lung generation never
previously accomplished in any other chimeric lung generation model!”!®. However, lung
mesenchyme and endothelium were still comprised in the host mouse at about 50% chimerism,
which was the limitation of the previous Shh-based model of CBC'®. Identifying a novel cell
lineage critical for the organogenesis program responsible for controlling the cell traits and
composition in the targeted organs can lead to whole-organ bioengineering.

We postulated that targeting a single lineage when genetically defective, in which the donor
cells would complement the defective niche is sufficient for generating the entire lungs, can work
as a bona fide organ generative lineage (BFL), enough to repopulate donor cells that lead to the
entire lung production following the blastocyst injection. To explore the prospective existence of
BFL, we focused on the stage of mesendoderm in the primitive streak that may form both definitive
endoderm (DE) and lateral plate mesoderm (LPM) because of the success of chimeric lung
generation using the Shh Cre driver'®, which targets DE lineage'®.

Mesendoderm is the transition state between primitive streak and nascent mesoderm
marked with Mixl1 and Brachyury (T) during gastrulation that can give rise to both DE and
mesoderm via epithelial-mesenchymal transition (EMT)?*2!. There was no evidence of genetic
lineage tracing on whether mesendoderm can give rise to both Nkx2-1* lung endoderm?*?* and
wnt2" cardiopulmonary progenitors (CPP)?**. Foxa2 are known to be expressed in the DE?>%, while
Foxa2 and Pdgfra are also expressed during the conversion from mesendoderm to
mesenchyme?®?’-?°_ It has been unclear whether Pdgfra lineage would differentiate into DE or
LPM.

Using Pdgfio“"ERT?* - Rosa'¥™#°’* lineage-tracing mice, we found that the entire lung
mesenchyme and a part of lung epithelium were labeled by tdTomato at E14.5 upon a tamoxifen
injection at E5.5 (Fig. 1a, Extended Data Fig. 1a, b). This result suggested that the origin of the
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entire lung mesenchyme is Pdgfra” mesendoderm. Since the Pdgfra’ lineage labeled only partial
lung endoderm (Extended Data Fig. 1b), we explored the BFL possibility further using the Foxa2-
lineage.

Foxa2 is known as a pioneering transcription factor that epithelializes the cells during
gastrulation®®’!. The previous study of the extensive immunostaining analyses in the Foxa2
reporter mouse line showed that Foxa2-lineage might give rise to both LPM and DE 7. Foxa2
plays a pivotal role in alveolarization and airway goblet cell expansion®?, while there was a
knowledge gap in Foxa2-lineage studies in lung development. Foxa2-lineage tracing mice
(Foxa2€®*; Rosa'¥m’*) faithfully target Nkx2-5" cardiac progenitors, associated with the origin
of Wnt2" Isl1* CPP?**, Thus, we explored the possibility of BFL in the Foxa2-lineage. First, we
checked whether the Foxa2-lineage would label Pdgfra expressing cells at E6.5 during gastrulation
using the Foxa2-lineage tracing mice (Foxa2“"®"; Rosa'/T™m4'*)34 Foxa2-lineage partially marked
Pdgfra” mesendodermal cells on nascent mesoderm invaginating from the primitive streak (Fig.
1b). Based on this, we further explored whether Foxa2-lineage would label lung mesenchyme. We
found that Foxa2-lineage cells markedly labeled the entire lung epithelium and robustly variety of
the mesenchyme, including endothelial cells (Fig. 1c, Extended Data Fig. 2). Quantitative
analyses by flow cytometry (Fig. 2a) showed that Foxa2-lineage labeled the entire lung endoderm
(89.6%= 1.80) and lung mesoderm (24.1%=x 5.31), including endothelial cells (18.3 %=+ 8.05) at
E14.5 (Fig. 2b-d, Extended Data Fig. 3, 4). Unexpectedly, we observed that the Foxa2-lineage
covered nearly the entire lung mesenchyme, endothelial cells, and lung epithelial cells during the
post-natal periods (Extended Data Fig. 3). Using wild-type control (Foxa2™*; Rosa™") to
determine the gate’s threshold of the flow cytometry, the lineage labeling at postnatal day0 showed
nearly 100% (Extended Data Fig. 3b). However, we noticed that the Foxa2™*; Rosa'Toma’*
lineage tracing mice showed a leaky signal of the weak tdTomato expression in lung mesenchyme
and endothelial cells (Extended Data Fig. 3b). Therefore, we used Cre negative littermate control
mice (Foxa2™*; Rosa'/T™"4*) for deciding the stringent gating threshold and reanalyzed its
percentage. This adjusted gate setting revealed the lineage labeling was about 98.98% 0.171 in
lung epithelium, 45.43%= 7.30 in lung mesenchyme, and 61.48%=+ 9.49 in lung vascular
endothelial cells in adulthood (Fig. 2¢, d). These results suggested that the Foxa2-lineage labels
the entire lung epithelium and about half of the lung mesenchyme.

To explore whether Foxa2 or Pdgfra lineage is evolutionally conserved and can give rise
to both lung endoderm and mesoderm, we established lung endoderm-mesoderm co-developing
directed differentiation protocol with a minor modification from the previously reported
protocols?®2°>38 (Fig. 3a). In this optimized protocol, we confirmed that the various hiPSC lines
efficiently induced lung bud-like appearance marked by NKX2-1* in lung epithelial cells®’,
TBX4" lung mesenchyme appeared and surrounded the NKX2-1"SOX9" lung epithelium (Fig. 3b,
¢) on day10. qPCR kinetics analyses across the time point further supported the appearance of lung
mesenchyme represented by the LPM marker expression peaked on day6~8; OSR1, FGF10, BMP4,
PDGFRa, and smooth muscle markers peaked on day8~10; ACTA2 and PDGFRp, and CPP
markers peaked on day8~12; ISL1, WNT2, FOXF 1, and TBX4, concomitant with the lung epithelial
markers peaked on day10~14; NKX2-1 and CPM (Fig. 3d).

In this directed differentiation protocol, both NKX2-1" lung endoderm and WNT2'TBX4"
lung mesoderm around dayl5 were derived from anteriorized ventral endoderm and mesoderm
after Activin-mediated definitive endoderm and LPM induction?®*¢. During the primitive streak
induction from day0 to day3, PDGFRa and EPCAM cell surface markers and intracellular FOXA2
and MIXLI kinetics were analyzed every 12 hours by flow cytometry (Fig. 3e). Briefly, 12 hours
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after the Activin induction, more than 60% of the EPCAM " PDGFRa primitive streak first turned
on MIXL1, the mesendoderm marker?®*!. Subsequently, the epithelial-mesenchymal transition
occurred 24 hours later, as represented by the PDGFRo induction in the EPCAM'MIXLI1"
mesendoderm. 36 hours later, more than 90% of the MIXL1"EPCAM" mesendodermal cells
expressed PDGFRa. At the same time, FOXA2 expression appeared in the part of those
mesendodermal cells (Fig. 3f). After that, PDGFRa expression was diminished, and reciprocal
FOXA2 induction appeared when the EPCAMFOXA2" definitive endoderm and EPCAM"
FOXA2 LPM presented at 72 hours (Fig. 3g). The MIXL1, PDGFRa, and FOXA?2 kinetics were
further evident by qPCR analyses (Extended Data Fig. 5). These results suggested that the
PDGFRa" expressing cells and FOXA2" expressing cells are redundant but distinct phases of
mesendoderm, which can give rise to both endodermal and mesodermal lung cells in an
evolutionarily conserved manner (Extended Data Fig. 6).

Since the Foxa2-lineage appeared in the late phase of mesendoderm to form both DE and
part of the LPM, giving rise to endodermal and mesodermal lungs, respectively, we speculated
that the Foxa2-lineage could serve as BFL that generates the entire lungs after the donor cell
injection into the vacant Foxa2-lineage niche. To explore this possibility, we performed CBC using
Foxa2-driven Fgfr2 conditional knockout mice (FovaC“?/ . Fgﬁ”Zﬂ"x-/ﬂo"' hereafter, Foxa2¢"";
Fgfir2™!). Since Fgfr2-mediated mitotic signaling is required for both lung epithelium and
mesenchyme and Fgfl10 or Fgfr2 systemic knockout mice showed lung agenesis phenotype®® 2,
we expected to generate the vacant niche both in lung epithelium and mesenchyme using
Foxa2©*; Fgfir2°™! mice. Indeed, it showed a lung agenesis phenotype (Extended Data Fig. 7).
However, we did not observe agenesis phenotype in other major internal organs related to the
Fgfr2 systemic knockout phenotype (Extended Data Fig. 8) ¥ 2. To examine whether donor
cells would complement the lung agenesis phenotype, we generated nGFPiPSCs from Rosa™! "¢
mice (hereafter, n\GFP*iPSCs) via Sendai virus-mediated reprogramming®® (Extended Data Fig.
9). We injected nGFP iPSCs into mouse blastocysts (Fig. 4a) and analyzed the chimerism at E17.5
by flow cytometry. Notably, donor nGFPiPSCs generated entire lungs in Foxa2“"¢"; Fgfi2<"!
mice, while its general chimerism on the skin varied (Fig. 4b, Extended Data Fig. 11).
Significantly, nearly entire lung epithelial, mesenchymal, and endothelial cells were composed
only of nGFP"iPSCs at E17.5. In contrast, wild-type, Shh-driven hetero, or knockout mice showed
around 50~70% chimerism in lung mesenchyme and endothelium but never constantly reached
100% (Fig. 4¢c, d, Extended Data Fig. 10). These results implicate that the generation of
genetically defective niches in the Foxa2-lineage-labeled mesendoderm and its descendants are
critical for outcompeting donor iPSCs against the host lung precursor niches (Fig. 2b). We
reasoned that Shh-lineage was insufficient for generating the lungs because Shh-lineage covers
putative DE lineage (Extended Data Fig. 12) but not Pdgfra” mesendoderm, the origin of the
entire lung mesoderm including endothelium (Fig. 1a). Single-cell RNA-seq (scRNA-seq)-based
embryonic lineage analyses* supported this idea (Extended Data Fig. 13-16). A part of Pdgfro.*
mesendoderm expresses Etv2, a specifier of the endothelium, in the NM, most likely the lung
endothelium origin, consistent with our Pdgfra-lineage tracing analyses (Fig. 1a, Extended Data
Fig. 1a, b, 13-16).

Together, we defined that Foxa2-lineage, but not Shh-lineage, can serve as a BFL for the
lungs. To be the lung BFL, generating a low percentage (20%-~ at E14.5) of vacancy in the
mesenchymal lung niche when complete vacant in the endodermal lung was enough for the entire
lung generation. The Foxa2-lineage served as a mighty, potent lung BFL lineage sufficient for
generating the entire lungs composed of lung epithelium, mesenchyme, including endothelium.
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Our strategy is promising for the future human whole lung generation in mice and large animals
via a BFL-based CBC approach.

Methods

Mouse. Shh“" mice (cat. 05622), Rosa26Tomato’ dTomato mjce (cat. 07914), Rosa26" " T 16 mice
(cat. 023035) and Pdgfira " ER™"* mice (cat. 032770) were obtained from the Jackson Lab. X.
Zhang kindly gifted Fgfi-2™** mice. We further backcrossed these mice for over three
generations with CD-1 mice (cat. 022) from the Charles River. Dr. Nicole C Dubois kindly
provided F 0xa2°"'°r¢ mice. For conditional deletion of F ofr2 (F gfrZC”””), we crossed F’ gﬁ”ZﬂOW(’x;
Rosa26thomato/thomato females with FoxazCre/Cre; FngZﬂOX/+, Foxa2Cre/+,. Fgﬁ'ZﬂOX/+ or Sthre/—*—’.
Fgfr2™* males, respectively. PCR performed genotyping of the Shh-Cre, Pdgfi a--CreERT?,
Rosa26-nTnG, and Rosa26-tdTomato alleles according to the protocol provided by the vendor. For
the CBC, genotyping of chimeric animals was confirmed by GFP-negative sorted liver cells and
lung cells. For detecting the Fgfi2 floxed allele, we performed PCR using the primer sets: FR2-
F1, 5-ATAGGAGCAACAGGCGG-3', and FR2-F2, 5-CAAGAGGCGACCAGTCA-3"®. For
lineage tracing with Pdgfroa“FRT>*; Rosa26'Toma™* mice, 1 dose of 200 ug tamoxifen (MedChem
Express, HY-13757A) per g of body weight was given via oral gavage injection. All animal
experiments were approved by Columbia University Institutional Animal Care and Use Committee
in accordance with US National Institutes of Health guidelines.

Culture of mouse iPSC. We cultured iPSC in a2i/VPA/LIF medium on a feeder, as previously
reported!®. These PSC cells were passaged at a split ratio of 1:10 every 2-3 d.

Culture of human iPSCs (hiPSCs). All iPSC lines were maintained in feeder-free conditions on
laminin iMatrix-511 silk E§ (Amsbio, AMS.892021) in StemFit 04 complete Medium (Amsbio,
SFB-504), supplemented with Primocin (Invivogen, ant-pm-1), and passaged with TrypLE Select
(Gibco, A1285901). All human iPSC lines used were characterized for pluripotency and were
found to be karyotypically normal. The BU3NGST cell line was kindly gifted by Dr. Finn Hawkins
and Dr. Darrell Kotton at Boston University, Boston, MA. Dr. Jennifer Davis at the University of
Washington School of Medicine, Seattle, WA, kindly gifted the Rainbow cell line. PD2 and TD1
hiPSC were generated from deidentified commercially available human peripheral blood
mononuclear cell and tracheal epithelial cell lines via the manufacturing protocol of Sendai virus-
mediated reprogramming (CytoTune2.0) (ThermoFisher, A16517). Every other month all iPSC
lines screened negative for mycoplasma contamination using MycoAlert PLUS detection kit
(Lonza, LT07-710).

Differentiation of hiPSCs into lung epithelial and mesenchymal cells. The directed
differentiation protocols were modified from previous protocols to maximize lung mesenchymal
cell generation concomitantly with NKX2-1" lung epithelium. Briefly, DE and LPM precursors
were induced once seeded hiPSC-formed colonies by the Activin induction using the STEMdiff
Definitive Endoderm Kit (StemCell Technologies, 05110) for 72 hours. Differentiated cells were
dissociated and passaged in Laminin511-coated tissue culture plates in a complete serum-free
differentiation medium (cSFDM)*. To induce DE and LPM into the anterior foregut endoderm
and mesoderm, the cSFDM was supplemented with 10uM SB431542 (MedChem Express, HY -
10431) and 2uM Dorsomorphin (Tocris, 3093) for 48 hours and 10uM SB431542 and 2uM IWP2
(Tocris, 3533) for 24 hours. Cells were then cultured for 7-10 additional days in cSFDM containing
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3uM CHIR99021, 10ng/ml recombinant human FGF10 (R&D Systems, 345-FG), 10ng/ml
recombinant human KGF (R&D Systems, 251-KG), 10 ng/mL recombinant human BMP4 (R&D
Systems, 314-BP), and 50nM retinoid acid (Sigma-Aldrich, R2625) to induce NKX2-1 positive
lung epithelial cells and WNT2"TBX4" lung mesenchymal cells.

Immunofluorescence (IF). Before the immunostaining, antigen retrieval was performed using
Unmasking Solution (Vector Laboratories, H-3300) for 10 min at around 100 °C by microwave.
7-um tissue sections were incubated with primary antibodies (Supplementary Table 1) in the buffer
of M.O.M. kit (Vector Laboratories, MKB-2213-1) overnight at 4 °C, washed in PBS, and
incubated with secondary antibodies conjugated with Alexa488, 567, or 647 (ThermoScientific,
1:400) with NucBlue Fixed Cell Ready Probes Reagent (Hoechst) (ThermoScientific, R37605) for
1.5 h, and mounted with ProLong Gold antifade reagent (Invitrogen, P36930). The images were
captured by a Zeiss confocal 710 microscopy.

Immunocytochemistry. Cells on culture dishes were fixed with 4% Paraformaldehyde (PFA) for
30 min at room temperature (RT), permeabilized, and blocked with staining buffer containing
0.025% Triton X-100 and 1% BSA for 1 hour at RT. Primary antibodies (Supplementary Table 1)
were incubated overnight at 4 °C in the staining buffer. After three washes in PBS, secondary
antibodies (Supplementary Table 1) and NucBlue Fixed Cell Ready Probes Reagent (Hoechst)
were incubated for 1 h. The samples were imaged using DMi8 Leica widefield microscope.

Flow cytometry (FCM) analyses of mouse lung tissue. Lungs from lineage tracing mice at
E14.5, E18.5, PO, and four weeks were harvested and prepared for the FCM, as previously
described!S. Briefly, tissues were minced with microscissors, and 1 ml of pre-warmed dissociation
buffer (I mg/ml Dnase (Sigma, DN25), 5 mg/ml collagen (Roche, 10103578001), and 15 U/ml
Dispase II (Stemcell Technologies, 7913) in HBSS), incubated at 37 °C on the rocker with 50
r.p.m. speed, and neutralized with the dissociation buffer by FACS buffer containing 2% FBS,
Glutamax, 2mM EDTA and 10mM HEPES in HBSS after the 30 min incubation. Digested cells
were filtered by the. After filtrating the cells with 40-pm filter (FALCON, 352235), cell pellets
were resuspended with 1 ml of cold RBC lysis buffer (Biolegend, 420301) to lyse the remaining
erythrocytes for 5 min on ice, and neutralized by 1 ml cold FACS buffer. After that, it was
centrifuged them at 350 rcf, 4 °C, for 3 min to remove the lysed blood cells. For FCM analysis,
one million cells were transferred in 100 pl of FACS buffer supplemented with 0.5uM Y27632
and then added 2 pl Fc Block (BD Pharmingen, 553141) per sample followed by 10 min incubation
on ice. Cells were incubated with the following antibodies: CD31-APC (Biolegend, 102510, 1/50),
Epcam-BV711 (BioLegend, 118233, 1/50) or Epcam-BV421 (Biolegend, 118225, 1/50), Aqua
Zombie (BioLegend, 423101, 1/100), CD45-BV605 (BioLegend, 103104, 1/50) for 30 min on ice.
After staining, cells were washed twice with FACS buffer before resuspending in 500 pl FACS
buffer for the subsequent analyses using SONY MA900 or NovoCyte.

nGFP*iPSC establishment and preparation for CBC donor.

E14.5 lung tissues of Rosa26""9" "¢ mice (JAX, cat. 023035, C57BL/6NJ background) were
harvested in a dissociation buffer described above. The dissociated cells were seeded on a 10cm
dish, and only lung fibroblast survived after 1 week in MEF medium'®. The fibroblasts were
passaged using Accutase (Innovative Cell Technologies, AT104), and seeded on gelatin
(Millipore-Sigma, ES006B)-coated 6 well plates with a density of 0.1 million cells per well. Upon
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cell attachment, Yamanaka reprogramming factors were induced to iPSCs via Sendai virus using
CytoTune2.0 (ThermoFisher, A16517). To establish nGFP* iPSCs, the Cre plasmid was
transfected using Fugene HD transfection reagent (Promega, E2311), then sorted out
GFPtdTomato™ live cells by FACS (SONYMA900), and single clones were expanded.

For the CBC donor cell preparation, nGFP*iPSCs cultured in a2i/VPA/LIF!® were trypsinized and
resuspended in 4 ml cold DMEM + 10% FBS immediately and filtering the cells with a 40-um
filter. Cells were centrifuged at 350 rcf, 4 °C, for 3 min, and the supernatant was removed. After
being washed by flow buffer containing 0.2% BSA, 1% Glutamax, and 1uM Y27632, the cells
were resuspended in 100ul/1 million cells with flow buffer, then the following antibodies were
added: Epcam-BV421 (1:50), SSEA1-PE (1:50), CD31-APC (1:50), Zombie Aqua Fixable
Viability Kit (1:100). Epcam"€"SSEA 1MehCD31Meh cells were sorted by FACS (SONYMA900)
and subsequently prepared for the injection.

Blastocyst preparation and embryo transfer. Blastocysts were prepared by mating Foxa2<"¢/"¢;
Fgfir2"™* Foxa2®"; Fgfr2" or Shh“*"; Fgfir2"* males (all 129 x B6 x CD-1 background)
with superovulated Fgfr2{1o¥flox; R gsa26tdTomato/tdTomato famales (129 x B6 x CD-1 background).
Blastocysts were harvested at E3.5 after superovulation'¢. 20 sorted nGFP"iPSCs were injected
into each blastocyst. After the iPSC injection, blastocysts were cultured in an M2 medium
(Cosmobio) for a few hours in a 37 °C, 5% CO2 incubator for recovery. Then, blastocysts were
transferred to the uterus of the pseudopregnant foster mother.

Real-time-quantitative RT-PCR (qRT-PCR). Total RNA was extracted using a Direct-zol™
RNA MiniPrep Plus kit (Zymo Research, R2072), and cDNA was synthesized using Primescript™
RT Master Mix (Takara, RR036B). The cDNAs were then used as templates for QRT-PCR analysis
with gene-specific primers. Reactions (10 ul) were performed Luna® Universal qPCR Master Mix
(New England Biolabs, M3003X). mRNA abundance for each gene was determined relative to
GAPDH mRNA using the 2724 method. The primers were listed in the Supplemental Table. 2.
Data were represented as mean + SD. Of measurements. The number of animals or cells per group
is provided in the legends. The undetected values in each biological experiment in Fig.3d were
removed from the graphs.

Statistical analysis. Data analysis was performed using Prism 8. Data acquired by performing
biological replicas of two or three independent experiments are presented as the mean + SD.
Statistical significance was determined using a two-tailed t-test and unpaired one-way or two-way
ANOVA with the Tukey post hoc test. *P < 0.05, **P <0.01, ***P <0.001, ns: non-significant.

Data availability. The authors declare that all data supporting the results of this study are available
within the paper and the Supplementary Information. Raw data are available from the
corresponding author upon reasonable request.
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Figure 1. Mesendoderm-derived lineage labeled entire lung epithelium and most of the lung
mesenchyme, including lung endothelium. (a) Left: Schematic diagram of Tamoxifen injection.
Right: representative immunofluorescent staining analysis (IF) for Pdgfia“¢ER7/* ; Rosa26'Tomato’+
mice. tdTomato labeled the whole lung mesenchyme. Cre™ littermate control (left panel) and
PdgfraC*ERT* - Rosa26'7T0ma* (right panel) (n = 3 per group). (b) Representative IF analyses of
E6.5 Foxa2 ", Rosa26'T°ma"* mice: Foxa2-lineage labeled both E-cadherin® primitive streak
(dotted areas) and Pdgfro” nascent mesoderm (arrowheads) arising from primitive streak (n = 3
per group). (¢) Representative IF staining of E16.5 Foxa2-lineage tracing mouse lung. Foxa2-
lineage occupied the entire lung epithelium and most of the Pdgfrp* or VE-cadherin® mesenchyme.
Foxa2-lineage also partially labeled VE-cadherin” endothelial cells. Foxa2-lineage labeling to VE-
cadherin® capillary (ca) (enlarged box, blue arrowhead), the Pdgfr* smooth muscle cells of the
pulmonary artery (pa) (enlarged box, white arrowhead), and pulmonary vein (pv, yellow
arrowhead). Scale bars: a, b, ¢ (left and right) = 100pm, 50pum, 200pum, and 100um, respectively.
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Figure 2. Foxa2-lineage gradually increased in the mesenchyme and endothelium during
mouse lung development. (a) Flow cytometry (FCM) sorting strategy: CD45 live cells were
selected, and subsequently, the proportion of Lung mesenchyme (mes), endothelium (endo), and
epithelium (epi) were analyzed by the CD31 and Epcam staining signals. (b) Representative
immunostainings of lung sections from E14.5 Foxa2"¢*; Rosa'""%""* embryos. tdTomato co-
labeled entirely with lung epithelial markers (E-cadherin or Nkx2-1); but partially co-labeled with
mesenchymal (Pdgfrp and Sma), and endothelial (VE-cadherin, Pecam1) cell markers. (n = 3 per
group). Representative FCM histograms (¢) and the graphs of FCM quantitative analyses (d) for
CD31'Epcam” lung epithelium, CD31 Epcam™ mesenchyme, and CD31 Epcam™ endothelium at
E14.5, E18.5, PO, P3, and four weeks (n = 6, 12, 7, 5 and 4, independent biological replicates,
respectively) of Foxa2<"**; Rosa'™"@* lungs. The gradual increase of % tdTomato" lineage
labeling in both lung mesenchyme and endothelium. The FCM gating threshold by Cre” littermate
control (grey asterisks and dotted grey lines). Statistical analysis: one-way ANOVA with the
Tukey post hoc test.; differences considered statistically significant if *P < 0.05, **P < (.01 ***P
<0.001, ns: non-significant. Scale bars: b = 50um.
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Figure 3. Co-development of endodermal and mesodermal lung progenitors derived from
MXIL1* PDGFR a* FOXA2" mesendoderm in the directed differentiation protocol using
hiPSC. (a) Culture protocol of hiPSC-derived endodermal and mesodermal lung progenitor cell
co-differentiation. (b) Representative IF staining of differentiating hiPSCs after the 10 days culture.
Lung epithelial (NKX2-1), distal lung bud epithelial (SOX9), and mesenchyme (TBX4) cell
markers. The budding structures expressed SOX9 and partially NKX2-1 (asterisk), and monolayer
cells expressed TBX4. Representative brightfield of directed differentiation time course (c),
Representative FCM-based protein kinetic analyses during DE and LPM induction, and qRT-PCR
analyses of lung mesenchyme and epithelium markers (d) in time course according to the protocol
shown in a. Data normalized by undifferentiated hiPSCs. Graph: Each plot shows different
biological experiments. Error bars represent mean * SD. Representative FCM plot showed
preceded MIXL1 expression compared to PDGFRa or FOXA2. FOXA?2 appearance in the subset
of the PDGFRa" population (red asterisk). (n = 3 independent experiments) (f) Representative IF
staining of 36 hours-cultured hiPSCs. (g) Schematic summary of MIXL1, PDGFRa, EPCAM, and
FOXAZ2 expression. Scale bars: b, ¢, f=100pum, 200pum, 200um respectively.
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Figure 4. Generation of the entire lungs in Foxa2-driven Fgfir2-deficient mice via CBC. (a)
Schema of CBC’s experimental design: a2i/VPA/LIF-treated SSEA1Me" CD3 1M nGFP*iPSCs
were sorted and injected into WT, Fgfi2"* (heterozygous: Foxal“®"; Fgfy2o¥*;
Rosa26'Tomao™) “and Fgfi-2™!! (homozygous: Foxa2<"*; Fafr2'0/°x: Rosa26"70m#*) blastocysts.
(b) GFP, tdTomato, and bright field imaging of freshly isolated lungs from E17.5 chimeric WT,
Fgfir2"eo and Fgfir2™" in which nGFP*iPSCs were used for CBC. The lung from a littermate
Fefir2™! mouse without iPSC injection is shown as a negative control. Lung agenesis phenotype
(right panels) in the Fgfi-2™ at E17.5 was completely rescued by injecting nGFP*iPSCs (right
middle panels). GFP and tdTomato indicating donor derived cells and host derived Foxa2-lineage
cells. (¢) Representative image of the confocal IF of E17.5 lungs of Fgfi2™! and Fgfir2",
Compared with littermate control, Fgfi2°™ lungs were entirely consisted of donor derived nGFP*
cells. (d) Graphs of FCM quantitative analyses for CD31"Epcam” lung epithelium, CD31"Epcam™
mesenchyme, and CD31 Epcam” endothelium (see the gating strategy in Fig. 2, Extended Data
Fig. 3). FCM analyses showed nearly 100% of chimerism among the lung epithelium, endothelium,
and mesenchyme in Foxa2“"®"; Fgfir2¢™": Rosa"/™"#°*(n=5, independent biological replicates.).
Conversely, various chimerism in each cell type in Foxa2®¢*; Fgfi2": Rosa"Tomao’*(n=4).
Sthre/Jr,. Fgﬁ,zcnull; Rosathomato/+ (n:2)’ Sthre/Jr,. Fgﬁ,.Zhetero’. Rosathomato/+(n:3), and WT (1’127)
Each plot: a different biological animal. Shh-driven Fgfr2-deficient mouse'® was also used as an
experimental control side-by-side on the same round of iPSC injections. Scale bars: b, ¢ (left and
right) = Imm, 500um, 50um respectively. Statistical analyses: unpaired Student’s t-test,
significance at *P < 0.05, ns: non-significant.
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EXTENDED DATA FIGURES.
a Hoechst tdTomato E-cadherin

Pdgfra”;
Rosa 26thomato/+

PdgfraCreERT2/+ .
E
Rosa 26thomato/+

E-caderin

. Pdgfra_

thomato Hoechst

tdTomato E-cadherin Pdgfra

Extended data Fig. 1. Mesendodermal-derived Pdgfro-lineage traced entire lung
mesenchyme and partial lung epithelium (a) single channel images of confocal IF analyses from
E14.5 Pdgfra lineage tracing mouse lungs, shown in Fig. 1a. Pdgfra-lineage labeled the entire
pulmonary mesenchyme. (b) Representative IF staining of E14.5 PdgfratRT2/*: Rosa26'Tomato*
lineage tracing mouse lungs. Pdgfra-lineage at E5.5 during gastrulation labeled entire lung
mesenchyme, including Sma® airway mesenchyme, Pdgfro mesenchyme, and VE-cadherin®
capillaries, and partial epithelial cells (white arrows). Scale bars: a, b =100pum, 50pm, respectively.
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Epithelial cells

Mesenchymal cells

tdTomato E-cadherin  Pdgfr

tdTomato E-cadherin VEcadherin

Extended data Fig. 2. Foxa2-lineage labeled entire lung epithelium and partial lung
mesenchyme. (a) Whole mount tdTomato image of freshly isolated E14.5 Foxa2-lineage tracing
lung taken by fluorescent dissection microscopy. tdTomato labeled the entire epithelium (White
dotted line) and partially surround mesenchyme (Blue asterisk and dotted line). (b) single channel
images of confocal IF analyses from E16.5 Foxa2-lineage tracing mouse lungs, shown in Fig. 1c.
Scale bars: a, b =200um, and 100pm, respectively.
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Extended data Fig. 3. FCM-based lineage tracing analyses. (a) Schematics of tissue
isolation/dissociation and gating strategy for FCM analysis of different cell types in the lung. Lung
cells (FSC/SCC panels) and singlets (FSC-H/FSC-A) were selected. Within the lung singlets, live
cells were gated as an unstained negative control (NC) and hematopoietic (CD45" versus CD45").
In the CD45 gate, we separated epithelial (Epcam”), endothelial (CD31") and other non-
endothelial lung mesenchymal cells (CD3 1/Epcam double negative). The percentage of tdTomato™
cells was calculated based on the Foxa2™"; Rosa™" or Foxa2"*; Rosa™™"*°* control gate. (b)
Top: representative histograms with the threshold of wild-type control (Foxa2™"; Rosa™") (purple
lines). Bottom: % of tdTomato in Foxa2"**; Rosa'™"*°"* at E14.5, E18.5, PO, P3, and four weeks
(n=6, 12,7, 5 and 4, respectively) based on the WT control (Foxa2™*; Rosa™"). Foxa2-lineage
covered nearly the entire lung mesenchyme, endothelium, and lung epithelium during the post-
natal periods using WT control (Foxa2™*; Rosa™"). Statistical analysis: one-way ANOVA with
the Tukey post hoc test.; differences considered statistically significant if **P < (.01 ****P <
0.0001, ns: non-significant.
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Extended data Fig. 4. Representative IF staining of E14.5 Foxa2-lineage tracing mouse lung.
Foxa2-lineage labeled several types of mesenchyme. Scale bar = 50um.
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Extended data Fig. 5. mRNA Kkinetics of pluripotency and differentiation markers by the
quantitative RT-PCR analyses during mesendoderm induction. The preceded MIXLI
induction and subsequent expression of PDGFRa, and FOXA2. Conversely, drastic decrease of
SOX2, a pluripotency marker after 12 hours. Data normalized by undifferentiated iPSCs. Each
plot showed different biological experiment. Error bars represent mean == SD.
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»
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Lung

— (cp
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Foxa2 lineage = All lung epithelium & part of the lung mesenchyme
Pdgfra lineage = All lung mesenchyme & part of the lung epithelium

Extended data Fig. 6. Summary of the results and proposed model of lineage specification
from pluripotent stem cells to endoderm or mesoderm through mesendoderm cells.
Pluripotent stem cell (PSC) differentiation will be initiated by the Mix11" induction and the
subsequent temporal expression of an early mesendoderm (ME) marker, Pdgfra. After that, the
late mesendoderm marker marked by Foxa2 will turn on. Pdgfra and Foxa2-lineage partially
overlap at the primitive streak stage during gastrulation. Pdgfro” early ME lineage gives rise to the
partial lung epithelial cells, most likely by the overlapping Foxa2™ lineage, and entire lung
mesenchyme through lateral plate mesoderm (LPM) induction and cardiopulmonary lineage (CPP).
On the other hand, the Foxa2-lineage gives rise to the entire lung epithelium and about 20% of
CPP in early lung development at E12.5~E14.5. Strikingly, the whole lungs, including lung
epithelium, mesenchyme, and endothelial cells, were produced solely by donor iPSCs via
complementing the Foxa2-lineage’s mitotic defective lung niches. It proves that a Foxa2-lineage
works as a bona fide lung generative lineage (BFL), enough to generate entire lungs by donor
1PSCs via CBC.
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Extended data Fig. 7. Lung agenesis phenotype in the Foxa2¢** Fgfr2"*!' mice. (a) IF analyses
of E10.5 Foxa2“*"Fgfi2"“° and Foxa2“"**Fgfi2™". Fgfir2*! did not show branching
morphogenesis. (b) Embryo images of E14.5 Foxa2"¢* Fgfi2"*"* and Foxa2“"*"* Fgfr2°*": There
is no difference in embryo morphology between Fgfi-2"““"* and Fgfi-2*" (Top). Limb (arrow) and
placenta (pl) are present in mice of all genotypes (n = 6 per 6 Fgfi-2™! embryos). However, the
Fgfir2™! embryo showed lung agenesis phenotype (Bottom, asterisk) (n = 6 per 6 Fgfi2s"/!
embryos). (¢) Representative image of Fgfr2™ lung. The trachea ends in the middle of the
thoracic cavity (asterisk). Scale bar: a = 200pum.
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Intestine

pictures of Hematoxylin & Eosin staining from E15.5 Foxa2“"¢" Fgfi-2*“!! embryos: The internal
organs such as the intestine, pancreas, kidney, tooth buds, and hair follicles were normally formed.
Scale bar = 500pm.
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Extended data Fig. 9. Establishment of nGFP*iPSCs from the Rosa"’™"¢"T-"G mijce. (a)
Schematic diagram of nGFPiPSC generation from Rosa"T"%"T"% mouse. (b) FCM panel: GFP*
tdTomato cells (Rosa"®"%) after Cre induction were sorted using an FCM gate (a red box area).
(c) Representative images of established mouse iPSCs. The nuclear GFP (nGFP)" cells (Rosa"?"%)
after the sorting or Cre-uninduced cells: nuclear tdTomato™ (ntdTomato) cells (Rosa"!"¢/"T-1C)
were maintained for in vivo injection. (d) Representative IF staining of pluripotency markers on
established nGFPiPSCs. Scale bars: ¢ and d = 200um.
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Extended data Fig. 10. Single channel images of confocal IF analyses from E17.5 lungs of
Fgfir2e™! compared with littermate control shown in Fig. 4c. A lot of tdTomato" cells were
observed in Fgfi2"“*’° mice, on the other hand, A few tdTomato" cells were observed in Fgfi-2“™"
complemented lung. Scale bar = 500um.
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Extended data Fig. 11. Chimeric mouse phenotypes after nGFP*iPSC injection. (a) Single
channel images of confocal IF analyses from E17.5 lungs of Foxa2<"**; Fgfi2°™! compared with
littermate control shown in Fig. 4¢. Scale bar = 50um.

(b) Representative gross morphology of chimeric embryos of WT + nGFP*iPSCs, Foxa2¢"*"*;
Fgfir2"ero + nGFP'iPSCs, Foxa2*; Fgfr2“! +nGFP*iPSCs. The color indicated GFP and
tdTomato signals on the skin of those embryos.

Extended data Fig. 12. Shh-lineage labeled lung epithelial cells but rarely mesenchyme.
Representative IF staining of E14.5 Shh-lineage tracing mouse lung. Scale bar = 100um
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