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multiple adult tissues are maintained by stem cells of restricted 
developmental potential which can only form a subset of 
lineages within the tissue. For instance, the two adult lung 
epithelial compartments (airways and alveoli) are separately 
maintained by distinct lineage-restricted stem cells. A 
challenge has been to obtain multipotent stem cells and/or 
progenitors that can generate all epithelial cell types of a given 
tissue. here we show that mouse sox9+ multipotent embryonic 
lung progenitors can be isolated and expanded long term in 3d 
culture. cultured sox9+ progenitors transcriptionally resemble 
their in vivo counterparts and generate both airway and alveolar 
cell types in vitro. sox9+ progenitors that were transplanted 
into injured adult mouse lungs differentiated into all major 
airway and alveolar lineages in vivo in a region-appropriate 
fashion. We propose that a single expandable embryonic lung 
progenitor population with broader developmental competence 
may eventually be used as an alternative for region-restricted 
adult tissue stem cells in regenerative medicine. 

During embryonic development, various mammalian tissues such as 
the liver, pancreas and lung are elaborated from transient multipo-
tent progenitors that can form all epithelial cell types of a given 
tissue. However, there is a gradual diminution in developmental 
potential such that during adulthood, these tissues are homeostati-
cally maintained by complex composites of multiple region-specific 
stem cells, each of which can only form subsets of lineage(s) within 
the tissue1–4. Hence, obtaining multipotent stem cell or progenitor 
populations that can regenerate most, if not all, of the epithelial cell 
types of a given tissue is of considerable interest.

To date, there is no evidence of multipotent cells in the adult lung 
that can regenerate both of the major lung epithelial subdivisions—
the conducting airways and the gas-exchanging alveoli. Rather, 
current knowledge indicates that the airways and alveoli are sepa-
rately maintained by distinct cohorts of lineage-specific stem cells 
in adulthood5–8. Indeed, recent transplantation efforts have not 
conclusively identified a single adult lung progenitor population  
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capable of robustly differentiating into the whole repertoire of lung 
epithelial cells, including both airways and alveoli9–11.

In order to obtain multipotent lung stem cells or progenitors 
capable of regenerating both airway and alveoli, we considered 
developing embryos in which such progenitors transiently exist. 
In mouse embryos, Id2+ and Sox9+ distal-tip cells are lung pro-
genitors that give rise to both airway and alveolar cell types in the 
early pseudoglandular stage of lung development (E11.5–E16.5), 
as shown by genetic-lineage tracing12–14. We sought to isolate these 
multipotent embryonic lung progenitors; to capture them in an 
undifferentiated, proliferative state in vitro; and to assess whether 
such expanded progenitors could engraft the injured adult lung.

isolation and expansion of sox9+ embryonic lung progenitors
We exploited a Sox9–IRES–GFP (Sox9GFP hereafter) knock-in 
reporter mouse strain15 to isolate Sox9+ embryonic lung progenitors, 
and we established a feeder-free, serum-free 3D culture regimen to 
enable their long-term expansion. Sox9GFP+ Cdh1+ (E-cadherin+) 
primary lung progenitors negative for endothelial and hematopoietic 
markers (Pecam1− (CD31−)/Ptprc− (CD45−)/Ter119−) were purified 
from dissected E12.5 embryonic lungs and embedded in growth-
factor-reduced Matrigel (Fig. 1a and Supplementary Fig. 1a).  
Through a primary screen of >1,000 combinations of growth fac-
tors, small molecules and matrices (Supplementary Table 1), we 
identified conditions where colonies grew (e.g., Fig. 1b). Positive 
hits were further optimized by secondary screening under a more 
stringent set of criteria, and we aimed for conditions that main-
tained (i) expansion of colonies for >3 passages, (ii) a high per-
centage of Sox9GFP+ cells and (iii) a gene expression profile similar 
to that of in vivo Sox9+ lung progenitors (as assessed by quanti-
tative PCR (qPCR); Supplementary Table 2). Iterative secondary 
screening enabled the identification of three growth factors (Fgf9, 
Fgf10 and Egf), four small molecules (TGFβ inhibitor, ROCK 
inhibitor, GSK3 inhibitor and p38 MAPK inhibitor) and heparin, 
which collectively were required for long-term proliferation and 
growth of Sox9+ embryonic lung progenitors. Serum and other  
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miscellaneous components were removed from the final formu-
lation (see Online Methods and Supplementary Table 3 for full 
details on lung progenitor medium; called LPM-3D hereafter).

In LPM-3D conditions, Sox9+ lung progenitors rapidly prolifer-
ated (expanding >100-fold in 8–10 d) and could be maintained 
for more than 6 months in vitro (>15 passages at the time of this 
writing), enabling an ~1020 expansion in cell numbers with passag-
ing every 10–12 d (Supplementary Fig. 1b). Upon initial seeding, 
1,000 primary Sox9GFP+ Cdh1+ progenitor cells generated 139 ± 
28 colonies, whereas Sox9GFP− Cdh1+ (lung epithelial nonprogeni-
tor cells) and Sox9GFP+ Cdh1− (presumably Sox9+ lung mesen-
chymal cells13) fractions yielded few (6.5 ± 3.5) or no colonies, 
respectively (Fig. 1c); this indicated that LPM-3D selects for the 
propagation of progenitors in preference to other types of lung 
cells. FACS, immunostaining and qPCR revealed that progenitor 
cultures were pure (≥95% Sox9GFP+; Fig. 1d and Supplementary 
Fig. 1c) and expressed Sox9, Id2, Nkx2.1 and Cdh1 proteins (Fig. 
1e–h). Similarly to their in vivo counterparts, in vitro Sox9+ pro-
genitors expressed a higher level of progenitor markers compared 
to E12.5 total lung or adult lung controls (Fig. 1i). Lung progeni-
tor markers, proliferation and normal karyotype were all main-
tained even after culture for >6 months (passage 15; Fig. 1d,i and 
Supplementary Fig. 1b,d,e). Markers of basal, airway, alveolar, 
endothelial or mesenchyme cells were weak or absent compared 

to whole lungs (Supplementary Fig. 2a). Proteins associated with 
differentiated lung epithelial cell types (Sftpb, Aqp5, Hopx, Pdpn, 
Krt5, Ngfr, Muc5ac, Calca, Scgb1a1 and acetylated tubulin) or 
nonepithelial cell types (Pecam1, Ptprc, Vimentin and Acta2 (α-
SMA)) were not detected within cultured Sox9+ lung progenitors 
by immunostaining (data not shown). Moreover, in vitro Sox9+ 
progenitors did not express a wide range of markers that are typi-
cal of other organs or tissues, which confirmed their lung-specific 
identity (Supplementary Fig. 2b).

To gain insight into the mechanisms of Sox9+ progenitor self-
renewal and proliferation, we individually removed each compo-
nent of the medium and assayed the effects of this removal either 
after 10 d (P0) or after 3 passages (P3; >40 d). Each component 
of LPM-3D medium was essential for long-term progenitor 
maintenance, as each component either stimulated proliferation, 
inhibited precocious differentiation and/or maintained expres-
sion of lung progenitor markers (Fig. 2a–c and Supplementary 
Fig. 3a–f; summarized in Fig. 2d). In particular, an immediate  
decrease of proliferation and lung progenitor markers was 
observed upon withdrawal of Fgf10, Heparin or the GSK3 inhibi-
tor (Supplementary Fig. 3a,b). This corroborates the importance 
of multiple signals in the expansion of distal-tip progenitors during 
the pseudoglandular phase of embryonic lung development14,16 
(Supplementary Note).
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Figure � | Isolation and characterization of Sox9+ embryonic lung progenitors. (a) Schematic of the experimental strategy for isolation of E12.5  
Sox9+ embryonic lung progenitors and screening of culture conditions. (b) Bright-field image of Sox9GFP+ Cdh1+ colonies in 3D culture after 6 d.  
Scale bar, 50 µm. (c) Number of colonies observed on day 12 for the indicated sorted populations. Initial cell seeding: 1,000. (d) Quantification of 
Sox9GFP+ cells in lung progenitors expanded in vitro after prolonged culture (P2 >30 d, P10 >120 d, P15 >180 d). (e–h) Immunostaining of Sox9+ 
progenitor colonies for markers of Sox9 (e,f), Id2 (g), Nkx2.1 (h) and Cdh1 (f). Scale bars 10 µm. Inset (e), DAPI. (i) Gene expression profile (qPCR)  
of selected lung progenitor markers (Bmp4, Etv5, Id2, NMyc, Sox9, Wnt7b), panepithelial Cdh1 and lung Nkx2.1. Fold change relative to total E12.5 
embryonic lung control is shown. Average of n = 3 (c) or n = 4 (d,i) independent experiments. Data are mean ± s.d. (c,d,i). Adjusted  
P value (two-way ANOVA) *, P < 0.01; **, P < 0.02; ***, P < 0.05; n.s., not significant (i). 
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Varying the initial cell-seeding density within a certain range 
(200–60,000 cells) had little effect on the relative number of colo-
nies, percentage of Sox9GFP+ cells or expression of lung progenitor 
markers (Supplementary Fig. 4a–d). Though Sox9+ colonies were 
able to form with as few as 200 cells seeded in a 40-µL drop of 
Matrigel, single cells seeded in 96-well plates failed to form colonies 
(0/384 single cells tested), which implied that a community and/or 
paracrine effect may be important for Sox9+ progenitors to grow 
(data not shown). To circumvent this failure to form colonies, we 
mixed at different ratios sorted Cdh1+ cells from E12.5 embryonic 
lungs derived from mouse lines that ubiquitously expressed either 
tdTomato (ROSA26–tdTomato) or eGFP (CAG–eGFP). Most of the 
resultant colonies (>90%) were of a single color, and only few multi-
colored colonies (2–5%) were observed (Fig. 2e and Supplementary 
Fig. 4i), which suggested that individual lung progenitor colonies 
arise from single cells. These clonally derived lines initiated from 
wild-type, tdTomato+ and eGFP+ cells were in fact lung progeni-
tors, as they could be expanded for at least five passages, and they 
expressed high levels of lung progenitor markers similarly to  
in vitro Sox9GFP+ progenitors (Supplementary Fig. 4e–h). This 
experiment also suggested that wild-type E12.5 embryonic lung 
progenitors could be expanded in vitro without recourse to the 
Sox9GFP reporter allele to enrich for this lineage before culture.

Together, our data demonstrate that primary Sox9+ embryonic 
lung progenitors, though transient in vivo, can be stably and clon-
ally expanded over the long term in vitro through the use of a 
serum-free and feeder-free 3D culture system.

expanded lung progenitors resemble in vivo counterparts
The transcriptome signatures of in vitro Sox9+ progenitors and 
their in vivo counterparts were similar, as was shown by both 
microarray and RNA-seq. Two independent in vitro Sox9GFP+ pro-
genitor lines at early (P2) and late passages (P10) were compared 
with freshly sorted in vivo E12.5 Sox9+ lung progenitors and adult 
lung cells (Fig. 3a and Supplementary Fig. 5a). Unsupervised 
hierarchical clustering and t-distributed stochastic neighbor 
embedding (t-SNE) analysis showed that in vitro–derived pro-
genitors more closely resembled in vivo embryonic Sox9+ pro-
genitors than bulk adult lung epithelial or nonepithelial cells  
(Fig. 3b and Supplementary Fig. 5a,b). Pairwise scatter plots 
showed that the transcriptomes of in vitro progenitors at early 
(P2) or late passages (P10) were nearly identical (R = 0.93–0.95). 
Both early- and late-passage cultures expressed similar levels of 
bona fide embryonic lung progenitor markers14 such as Sox9, 
Wnt7b, Id2, Tgfβ2, Foxp2, Bmp4, Mycn, Etv5 and EphA4, which 
indicated the transcriptional stability of expanded progenitors 
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after long-term culture (Fig. 3c). In vitro Sox9+ progenitors tran-
scriptionally resembled in vivo embryonic Sox9+ lung progenitors 
(R = 0.87–0.91) and were less similar to bulk adult lung epithelial 
and nonepithelial cells (R = 0.72–0.73 and R = 0.67–0.71, respec-
tively; Fig. 3d and Supplementary Fig. 5c–d).

In vitro–expanded Sox9+ progenitors expressed lung progenitor 
markers at levels comparable (i.e., less than a two-fold difference)  
to those of freshly sorted E12.5 Sox9+ in vivo lung progenitors 
(Fig. 3d and Fig. 3e, Cluster IA). Both expanded and primary 
Sox9+ lung progenitors showed low or no expression of various 
markers of differentiated lung lineages such as type II alveolar 
(Sftpa1, Lyz2, Lamp1), type I alveolar (Cav1, Pdpn, Aqp5), club 
(Scgb1a1, Scgb3a1, Scgb3a2), ciliated (FoxJ1), goblet (Muc5ac) 
or neuroendocrine (Calca) cells, whereas these markers were 
high in adult lung control samples (Fig. 3e, Cluster IIA and 
Supplementary Fig. 5c). This was in agreement with qPCR data 
demonstrating the lack of expression of most lung differentiation 
markers (Supplementary Fig. 2a), with a few exceptions: Krt8, 

Aqp5, Sftpc and Sftpd mRNAs (Cluster IIB) were higher in in vitro 
progenitors compared to in vivo Sox9+ progenitors, although they 
were still below levels found in bulk adult epithelial cells (Fig. 3e 
and Supplementary Fig. 5c). Finally, as expected, markers of lung 
mesenchyme (Thy1, S100a4, Acta2, Vimentin, Wnt2, Foxf1, Fgf10, 
Col1a2, Pdgfrα), endothelial (Pecam1, Cdh5) and hematopoietic 
(Ptprc) cells were absent from Sox9+ progenitors in vitro and in 
vivo (Fig. 3e, Cluster IIIA and Supplementary Fig. 5d).

We found few transcriptional differences between in vivo 
and in vitro Sox9+ lung progenitors. Among them, in vitro– 
cultured cells expressed the progenitor marker Shh14 at lower 
levels than their in vivo counterparts, though this marker was 
still expressed more highly by comparison to bulk adult lung 
control samples (Fig. 3d,e; Cluster IB). The close, but not perfect,  
correspondence between in vivo and in vitro–cultured cells has been 
already observed in other stem cell or progenitor types17,18, and 
this observation perhaps reflects a small percentage of Sox9GFP+  
progenitors primed for differentiation or partial deficiencies of 
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culture systems to fully recapitulate the native in vivo environ-
ment. That notwithstanding, in vitro Sox9+ lung progenitors 
were transcriptionally similar to their in vivo counterparts and 
maintained a stable transcriptional signature over time.

In vitro differentiation of sox9+ progenitors
Sox9+ progenitors expanded in vitro could also differentiate into 
both airway (including basal cells) and alveolar lineages in three 
different in vitro assays, which suggested that Sox9+ progenitors 
are upstream in the lung developmental hierarchy13.

First, upon 2D plating in LPM medium (either in the pres-
ence or absence of adult lung mesenchymal feeder cells), Sox9+ 
progenitors downregulated progenitor markers (Supplementary 
Fig. 6a,b) and differentiated into monolayer colonies express-
ing airway basal cell markers p63, Krt5, Krt14, Ngfr and Sox2  
(Fig. 4a–c); such basal cell markers were not expressed in 3D 
progenitor colonies cultured in LPM medium (Supplementary  
Fig. 6c). Hence a 3D microenvironment was crucial for maintain-
ing multipotent Sox9+ progenitors.

Second, Sox9+ progenitors mixed with adult lung mesenchymal 
cells differentiated into both alveolospheres (comprising Sftpc+/
Sftpb+ type II and Aqp5+/Pdpn+/Hopx+ type I alveolar cells) and 
bronchospheres (containing Krt5+ basal cells and Muc5ac+ goblet 
cells) in a transwell sphere-based differentiation assay5 (Fig. 4d–i 
and Supplementary Fig. 6d–g,i,j). In this assay, 20,000 seeded 
Sox9+ progenitors were intercalated with 100,000 mesenchymal 
cells, which condensed into 280 ± 53 or 258 ± 59 differentiated 
spheres after passages 3 or 11 of in vitro progenitor expansion, 
respectively. Of the resultant spheres, ~50–60% were Sftbp+ alveo-
lospheres, and ~25–30% were Krt5+ bronchospheres (Fig. 4i and 
Supplementary Fig. 6d).

Third, Sox9+ progenitors grown in an air–liquid interface 
(ALI)19 differentiated into conducting airways comprising 
Muc5ac+ goblet cells and AcTub+ ciliated cells at the apical side 
of the epithelium together with Krt5+ basal cells at the basal side. 
In contrast, alveolar lineages were not detected (Fig. 4d,j,k and 
Supplementary Fig. 6h–j). Concomitantly, the expression of lung 
progenitor markers were strongly decreased, and no expression 
of Sox9 and Id2 protein was detected upon differentiation in both 
sphere-based and ALI differentiation assays (Supplementary Fig. 
6k and data not shown), which confirmed exit from the progeni-
tor state. Long-term in vitro culture of Sox9+ progenitors had 
no effect on their ability to differentiate in either sphere-based 
or ALI assays (Fig. 4i and Supplementary Fig. 6d,i–k). In sum, 
expanded multipotent Sox9+ progenitors can differentiate into 
both airway and alveolar cell types in vitro even after prolonged 
in vitro culture.

transplant of sox9+ progenitors into injured mouse lung
To assess the differentiation potential of Sox9+ progenitors in vivo, 
we created a double transgenic line harboring the Sox9GFP allele 
and a constitutively expressed ROSA26–tdTomato allele (Sox9GFP+ 
tdTomato+ hereafter) to allow us to track the fate of Sox9+ progen-
itors and their progeny after transplantation. Approximately 3–5 
× 105 in vitro–expanded Sox9GFP+ tdTomato+ progenitors were 
intratracheally transplanted into the lungs of NOD-SCID Il2rg−/− 
(NSG) recipient mice (Fig. 5a). To facilitate Sox9+ progenitor 
engraftment, we employed two models of lung injury—naph-
thalene and bleomycin—that respectively damage conducting 
airways or alveoli4.

Sox9+ progenitors engrafted both naphthalene- and bleomy-
cin-injured mouse lungs and integrated into host tissue, with 
tdTomato+ donor cells found at both 4 and 8 weeks post-trans-
plantation (Figs. 5b–g and 6a–f). Sox9+ progenitors failed to 
engraft the uninjured mouse lung (Supplementary Fig. 7a–l), 
and this indicated the importance of lung injury to facilitate exog-
enous cell transplantation2,11.

Engrafted tdTomato+ cells were located in the areas where 
injury had occurred: conducting airways for naphthalene injury 
(Fig. 5b–g and Supplementary Fig. 8a–e) and alveolar areas 
for bleomycin injury (Fig. 6a–f, Supplementary Figs. 9a–d and  
10a–d). In transplanted naphthalene-injured lungs, tdTomato+ 
cells contributed to each of the major airway epithelial cell types: 
AcTub+ ciliated cells, Scgb1a1+ club cells, Krt5+/Ngfr+ basal cells, 
Krt8+ suprabasal epithelial cells and even rare Muc5ac+ goblet cells 
and Calca+ neuroendocrine cells (Fig. 5d–g and Supplementary 
Fig. 8a–e). By contrast, in bleomycin-injured lungs, tdTomato+ 
cells were found in alveolar areas, where they contributed to 
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host alveoli and expressed markers of type II (Sftpc+ and Sftpb+) 
and type I alveolar cells (Hopx+, Aqp5+ and Pdpn+) (Fig. 6c–f; 
Supplementary Figs. 9a–d and 10a–d). Based on immunos-
taining, no gross structural differences were observed between 
areas either engrafted or unengrafted by Sox9+ progenitors  
(Figs. 5d,e and 6c,e; Supplementary Figs. 8a and 9b,c). Amongst 
the progeny of engrafted Sox9+ progenitors, alveolar markers were 
never coexpressed with tdTomato in the airways, while airway 
markers were not coexpressed with tdTomato in alveolar areas 
(data not shown). Id2 and Sox9 proteins were not expressed by 
engrafted tdTomato+ cells 8 weeks after transplantation, which 
indicated exit from the progenitor state (data not shown). This 
indicates that Sox9+ progenitors differentiate into specific cell 
types in vivo in a region-specific fashion.

Additionally, tdTomato+ cells never expressed nonepi-
thelial markers such as Acta2, Vimentin, Pecam1 or Ptprc 
(Supplementary Fig. 11a–d), in contrast with recent results 
wherein transplanted lung cells could seemingly generate 
endothelial and mesenchymal lineages in addition to epithelial cell 
types11. Finally, no major differences in the ability of expanded 
Sox9+ progenitors to engraft and differentiate between early (P4) 
or late passages (P15) were observed (data not shown).

FACS quantification revealed that engrafted tdTomato+ cells 
comprised 0.1–0.8% of total lung cells (including epithelial, 
mesenchymal, hematopoietic and endothelial cells) or approxi-
mately 2–10% of the lung epithelium, depending the injury type 
(Supplementary Fig. 12a,b). Single-cell qPCR of 53 sorted  
tdTomato+ cells from adult lungs confirmed that transplanted 
Sox9+ progenitors indeed differentiated and expressed mark-
ers representing various differentiated cell types such as type II 

alveolar, club and basal cells (Supplementary Fig. 12c). Engrafted 
progenitor-derived differentiated progeny displayed expression 
profiles similar to those of single epithelial cells obtained from 
adult control lungs and clustered with them. In contrast, trans-
planted cells clustered away from in vitro Sox9+ progenitors or 
adult lung mesenchymal and endothelial cells (Supplementary 
Fig. 12c,d). In addition, no tdTomato+ cells were detected in 
the heart, liver or esophagus, and this confirmed the specifi-
city of engraftment (Supplementary Fig. 13a). Finally, in vitro- 
cultured Sox9+ progenitors appeared nontumorigenic, as they 
failed to form tumors after subcutaneous injection into NSG mice 
(Supplementary Fig. 13b).

discussion
Prevailing strategies for regenerative medicine have focused on 
the use of adult tissue stem cells for tissue repair. Yet, though 
many tissues are formed by transient multipotent progenitors 
with broad multilineage potential during embryonic develop-
ment, many such tissues are later maintained during adulthood 
by lineage-restricted stem cells or progenitors, each of which 
can only regenerate a subset of lineages within each given tissue. 
This is exemplified by how the adult lung is renewed by separate 
cohorts of alveolar- or airway-restricted stem cells2–4. Hence, we 
have explored in the mouse whether multipotent embryonic tissue 
progenitors with greater developmental competence may provide 
an alternative source of cells for tissue regeneration.

Here we report the isolation and long-term expansion of 
multipotent Sox9+ embryonic lung progenitors in a feeder-free and 
serum-free 3D culture system while preserving their potential to 
differentiate into the full spectrum of lung epithelial lineages (airway  
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and alveolar) in vitro and in vivo (Supplementary Fig. 14).  
Mouse lung progenitor populations expanded in vitro were rela-
tively uniform (≥95% Sox9+) with a minor Sox9− contaminating 
side population(s). Moreover, the transcriptome of Sox9+ pro-
genitors cultured in vitro contained signature genes similar to 
native Sox9+ distal-tip progenitors in the mouse embryonic lung. 
Consonant with data from genetic lineage tracing that demon-
strated that distal-tip progenitor cells are the source of all epithe-
lial cell types during early lung development12, cultured Sox9+ 
progenitors differentiated into airway (including basal cells) and 
alveolar lineages in vitro and in vivo. Taken together, our results 
suggest that a single cell population (Sox9+ distal tip embryonic 
lung progenitors) can engraft the injured adult mouse lung and 
differentiate in a region-specific manner into all the major lung 
epithelial cell types that constitute both conducting airways and 
alveoli. However, determining whether transplanted Sox9+ lung 

progenitors can restore pulmonary function after injury will require 
further investigation.

Broadly speaking, our results point to the suitability of expanded 
embryonic tissue progenitors with broader developmental compe-
tence (by contrast to region-restricted adult tissue stem cells) for 
regenerative medicine in the future. The existence of analogous 
SOX9+ progenitors in developing human lungs20, and their ability 
to suitably support lung regeneration, warrants further investiga-
tion. The ability to expand multipotent Sox9+ lung progenitors  
in vitro may enable the future generation of lung organoids, 
genome editing and other basic applications.

methods
Methods, including statements of data availability and any associ-
ated accession codes and references, are available in the online 
version of the paper.
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Note: Any Supplementary Information and Source Data files are available in the 
online version of the paper.
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online methods
Mouse strains. >6–10 weeks old male and female mice were used 
to obtain embryos or as recipients for transplantation experi-
ments. ROSA26-tdTomato (B6.129(Cg)-Gt(ROSA)26Sortm4(ACTB-
tdTomato-EGFP)Luo/J), CAG-eGFP (Tg(CAG-EGFP)B5Nagy) and 
NSG (NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ) mice were from The 
Jackson Laboratory. Sox9-IRES-GFP (Sox9IRES-EGFP) mice have 
been described previously15 and were crossed with ROSA26-
tdTomato mice in order to obtain doubly transgenic Sox9GFP; 
ROSA26-tdTomato reporter mice.

Isolation of E12.5 mouse embryonic lung progenitors. E12.5 
mouse embryos were collected from pregnant Sox9GFP females. 
E12.5 embryonic lungs were carefully dissected with tungsten 
forceps. The heart and esophagus were carefully removed, 
and lungs were pooled (typically seven to nine lungs per lit-
ter). E12.5 lungs were incubated in 5 mL of dissociation buffer 
(Collagenase I 100 U/mL, Collagenase II 100 U/mL, DNAse  
100 U/mL and Trypsin 50 U/mL in phenol red-free Leibovitz L-
15 basal medium) for 20 min with frequent trituration until the 
embryonic lungs were fully dissociated. Dissociated cells were 
washed with an equal volume of collection buffer (20% serum 
in Leibovitz L-15) and filtered through a 100 µm cell strainer. 
Cells were then centrifuged for 10 min at 2,000 r.p.m. (4 °C). The 
pellet was resuspended in prewarmed (37 °C) suspension buffer 
(2% serum, HEPES 25 mM, EDTA 2 mM in Leibovitz L-15) and 
filtered again through a 40 µm cell strainer. After washing in 
FACS buffer (2% serum + 0.2% bovine serum albumin (BSA) 
in Leibovitz L-15) and centrifugation for 5 min at 2,000 r.p.m. 
(4 °C), cells were blocked for 10 min at room temperature (RT) 
in FACS buffer before 30 min of incubation with anti-Cdh1, 
anti-Pecam1/CD31, anti-Ptprc/CD45 and anti-Ter119 eFluor-
conjugated primary antibodies at 4 °C (antibodies are listed in 
Supplementary Table 4). After antibody incubation, cells were 
washed in FACS buffer and pelleted before being resuspended 
in 500 µL of suspension buffer + DAPI (0.1 µg/mL). Sorting was 
performed on a BD FACS Aria II cytometer. Additional informa-
tion is available at the Protocol Exchange21.

Primary Sox9+ lung progenitor cell culture and expansion. 
Typically, 1,000 Sox9GFP+Cdh1+Pecam1−Ptprc−Ter119− sorted 
cells were embedded in 40 µL of growth-factor-reduced, phenol-
red-free Matrigel (10 mg/mL, Corning #356231), resuspended on 
ice and seeded as a single droplet in 24-well plates. The cell-con-
taining Matrigel droplet was allowed to solidify for 20 min at 37 °C  
before 500 µL of LPM-3D medium (Supplementary Table 3)  
was added. Full media were changed every 2 d, and cells were pas-
saged every 10 to 12 d with a 1:8 to 1:10 split ratio. For passag-
ing, the Matrigel droplet was incubated with a mixture of Dispase 
II (Thermofisher #17105041), Collagenase IV (Thermofisher 
#17104019) and Papain (Worthington #LS003118) (0.5 mg/mL 
each) at 37 °C and triturated for 30–60 min, until the Matrigel was 
fully digested, and colonies were dissociated into single cells. Cells 
were then washed with DMEM/F12 and centrifuged for 10 min at 
2,000 r.p.m. (4 °C); the supernatant was then removed, and cells 
were re-embedded in Matrigel as described above. For long-term 
storage, cells were frozen and could be stored in liquid nitrogen for 
at least 3 years without compromised viability. For freezing, cells 
were dissociated, pelleted and resuspended in freezing medium 

(90% serum + 10% DMSO). Cells were then transferred into cryo-
tubes and slowly frozen down overnight in a –80 °C freezer followed 
by storage in liquid nitrogen. For recovery, the frozen cells were 
thawed in a 37 °C water bath, washed with 10 mL of DMEM/F12, 
pelleted, embedded in Matrigel and cultured as described above. 
Additional information is available as a Supplementary Protocol at 
the Protocol Exchange21.

Cell proliferation assays. Growth curves were generated by eval-
uating cell viability at different timepoints using the Cell Titer-
Glo 3D kit (Promega #G9682), a luminescent ATP quantification 
assay. Cells were manually counted and embedded in Matrigel at 
200 cells/µL. 5 µL droplets were then seeded in 96-well micro-
plates (opaque flat bottom) and allowed to solidify for 20 min  
at 37 °C. 100 µL of LPM-3D medium was added, and cells were cul-
tured until the indicated time (typically from day 0 to day 10). Cell 
viability was measured every 2 d according to the manufacturer’s 
protocol, and luminescence was recorded with the Tecan M1000 
reader. Approximate cell numbers were inferred from luminescence 
intensity by converting day 0 intensity values to the starting number 
of cells (1,000). Matrigel droplets with no cells inside were included 
in each 96-well microplate and used as blank negative controls.

For quantification of proliferating cells, Click-iT Plus EdU Alexa 
Fluor 647 Flow Cytometry Assay Kit (Thermofisher #C10634) was 
used per the manufacturer’s protocol with overnight EdU incuba-
tion (10 µM). Cells were grown for 6–7 d before EdU incubation 
and analysis on a BD FACS Aria II cytometer.

Mouse tissue and cell preparation. After euthanasia, adult mouse 
lungs were perfused with 10 mL of cold PBS through the right 
ventricle. Lungs and trachea were removed and inflated with 3 
mL of 4% PFA and fixed for 3–4 h in 4% PFA and washed with 
PBS overnight (both at 4 °C). Lungs were then transferred to 30% 
sucrose for 24–48 h until the tissue sank and embedded in OCT 
(VWR). To stain in vitro–cultured lung cells (whether undiffer-
entiated progenitors in Matrigel or their differentiated progeny), 
cells were fixed for 10 min at 4 °C in the well itself, washed thrice 
in PBS, transferred to OCT and flash frozen.

Immunofluorescence. Cryosections (10–12 µm) were stained by 
standard protocols. Slides were washed thrice for 10 min at RT 
in PBS and then permeabilized and blocked in blocking buffer 
(PBS + 0.1% Triton X100 (Sigma #T8787) + 5% donkey serum 
(Sigma #D9663) for 1 h at RT and then incubated overnight with 
primary antibodies diluted in PBS + 0.1% Triton X100 + 1% don-
key serum in a humidified chamber. The following day, slides 
were washed thrice in PBS for 10 min at RT and stained with 
Alexa Fluor–conjugated secondary antibodies (diluted in PBS + 
0.1% Triton X100 + 1% donkey serum) for 1 h at RT. After three 
washes in PBS, slides were mounted with Prolong Diamond anti-
fade Reagent with DAPI (Thermofisher #P36962) and allowed to 
cure for 24 h at RT before fluorescent microscopy was conducted. 
Primary and secondary antibodies are listed in Supplementary 
Table 4. Z-stacks of optical sections were captured on an Olympus 
FV1000 upright confocal microscope and processed with ImageJ. 
Representative images of sections from at least three trans-
planted lungs, in vitro–expanded undifferentiated progenitors or  
in vitro–differentiated lung cells were analyzed for each stain. Imaris 
colocalization (×64 8.3.1; Bitplane) was used to quantitatively assess 
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colocalization of transplanted Sox9+ tdTomato+ progenitors (in the 
red channel) with various lung and nonepithelial markers (in the 
green channel) on 3D images reconstructed from corresponding 
z-stacks. For staining overlap, percentages of red volume above 
the threshold (percent red voxels) that was colocalized with green 
volume above the threshold (percent green voxels).

Microarray. Total RNA (50–100 ng) with an RNA integrity (RIN) 
value >7 were further processed to synthesize cRNA using Illumina 
TotalPrep RNA Amplification Kit (Thermofisher #AMIL1791) 
as described in manufacturer’s protocol. Mouse WG-6 v2.0 
Expression BeadChip microarrays (Illumina # BD-201-0202) 
were used for analysis of genome wide expression. Scanned data 
from the BeadChip raw files for all samples were extracted using 
GenomeStudio (V2011.1). The cleanup and processing followed 
the recommended practices of lumi package (v2.20.2) (https://
bioconductor.org/packages/devel/bioc/html/lumi.html). This 
involved variance stabilizing transform (VST) followed by robust 
spline normalization (RSN). The recommended quality-control 
tests were performed, and only the probes exceeding the detection 
threshold were used in sample-relation plots. Heatmaps and hier-
archical clustering were generated with R package heatmap.2.

RNA-seq. 1 ng of total RNA from 1 × 105 FACS-sorted cells with 
RIN value >7 were further processed to synthesize cDNA using 
the SMART-Seq2 pipeline22. cDNA size distribution and con-
centration were assessed by Agilent Bioanalyzer using the High 
Sensitivity DNA Analysis kit (Agilent technologies #5067-4626). 
Libraries were constructed using the Illumina Nextera XT DNA 
Sample Preparation kit (Illumina #FC-131-1096). Libraries were 
quantified by using the KAPA Library Quantification Kit (Kapa 
Biosystems #KK4854), and their size distribution was assessed 
by Agilent Bioanalyzer. RNA-seq libraries were sequenced on the 
Illumina NextSeq platform (single-end reads; 76 bp).

The raw sequencing data for each RNA-seq library were mapped 
to the GRCm38/mm10 version of the mouse genome with 
GENCODE gene annotations using STAR with default param-
eters. Read counts per gene were estimated by rsem. The quality 
of the individual libraries was evaluated using RNA-SeQC with a 
minimum of 25 million mappable reads. These read counts were 
combined across the samples in a matrix, and further analysis was 
done in R following DESEQ2 recommendations. A cutoff of 30 or 
more reads in at least one sample and rlog normalization was used 
agnostic of the sample group labels. Figure 3b depicts heatmap of 
Pearson correlation between all pairs of samples. Figure 3c,d and 
Supplementary Figure 5c,d depict Pearson correlation between 
groups of samples where the mean value of each gene (above thresh-
old, cutoff > 30) was used to represent each group. For defining dif-
ferentially expressed genes in Figure 3e, rlog normalization of all 
genes (cutoff > 30) was considered with sample group information. 
The differential gene set was restricted to genes with an estimated 
fold change of 2 or more with a P value ≤0.05 (see also source file 
Fig. 3). R package pheatmap was used to draw the heatmaps with 
the color range scaled to reflect the quantile distribution of the data. 
R tSNE package was used for Supplementary Figure 5b.

In vitro differentiation assays. Differentiation assays to test the 
in vitro multilineage potential of Sox9+ lung progenitors were 
performed essentially as previously described,5,19. Briefly, for 

Alveolosphere and Bronchosphere assays, 20,000 cultured Sox9+ 
cells were mixed with 100,000 adult lung mesenchyme cells (FACS 
sorted as EpCAM−Pecam1−Ptprc−Ter119− cells) and were resus-
pended in MTEC/Plus and mixed with 1:1 Matrigel. 100 µL of the 
resultant mixture was then placed in a 24-well 0.4-µm Transwell 
insert (Corning #CLS3470). 500 µl MTEC/Plus was placed in 
the lower chamber, and medium was changed every 2 d. ROCK 
inhibitor (10 µM) was included in the medium for the first 2 d 
of culture to enhance cell survival. For the air–liquid interface 
(ALI) differentiation assay, 40,000 Sox9+ progenitors in LPM-
3D medium were plated on a Matrigel-coated Transwell insert. 
Differentiation was induced in confluent cultures by removal of 
insert medium and addition of 500 µl MTEC serum-free medium 
to the lower chamber. Cells were harvested after 14 or 21 d for 
RNA extraction or embedded in OCT for immunofluorescence. 

Quantitative real-time PCR. RNA was extracted with the RNeasy 
Mini Kit or RNeasy Micro Kit (Qiagen #74106 and #74004) per the 
manufacturer’s instructions. 400 ng of total RNA was reverse tran-
scribed with the iScript cDNA Synthesis Kit (Biorad #1708891). 
cDNA was then subjected to specific target amplification (STA) 
with gene-specific primers to assess the expression of markers from 
various tissues and cell types. After Exonuclease (NEB #M0293L) 
treatment, PCR products were diluted 1:5 and mixed with Sso 
Fast Evagreen Supermix (Biorad #172511), loaded on 48.48  
or 96.96 integrated fluidic circuit (IFC) dynamic arrays and run 
on a Biomark HD as described in the manufacturer’s protocol 
(Fluidigm). Fluidigm real-time PCR software was used to ana-
lyze data. Data were normalized to the Ywhaz housekeeping gene, 
and fold change relative to appropriate control groups are shown. 
qPCR primers were designed using Primer3-based algorithm 
(http://primer3.wi.mit.edu/) and are listed in Supplementary 
Table 2. Heatmaps were generated with R package heatmap.2.

Lung injury and orthotopic cell transplantation. Prior to trans-
planting Sox9+ lung progenitors, recipient NSG mice were first 
injected with either bleomycin or naphthalene in order to dam-
age the alveoli or conducting airways, respectively. Mice (6–8 
weeks old) were anesthetized with Avertin 2.5%. A single dose 
of Bleomycin (1.5 U/Kg in 0.9% sterile saline, Sigma #B8416) 
was administered intratracheally, and naphthalene (220 mg/kg, 
Sigma #147141; freshly dissolved in corn oil) was injected intra-
peritoneally. After 1 d of naphthalene-induced injury or 3 d of 
bleomycin-induced injury, 3–5 × 105 in vitro–expanded Sox9GFP+ 
tdTomato+ lung progenitors were FACS purified and resuspended 
in 50 µL of LPM-3D medium. Anesthetized recipient mice 
received the cell suspension (50 µL) intratracheally. Endpoint 
analysis was performed at 4 or 8 weeks after cell injection. Five 
independent experiments with five or six mice per group were 
performed for each injury model. Mouse experiments were 
performed under IACUC guidelines and approved protocols at 
A*STAR (IACUC #149087).

Xenograft tumor-growth assay. NSG mice (6–8 weeks old) were 
used for subcutaneous transplantation and were anesthetized with 
Avertin 2.5%. 1 million in vitro–cultured Sox9GFP+ cells were 
mixed with 1:3 diluted Matrigel to a total volume of 100 µL. For 
subcutaneous transplantation, the skin was tented using forceps, 
and approximately 100 µL of cell suspension was injected on the 

https://bioconductor.org/packages/devel/bioc/html/lumi.html
https://bioconductor.org/packages/devel/bioc/html/lumi.html
http://primer3.wi.mit.edu/
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right flank. After the needle was retracted, forceps were used to 
pinch the site of exit in order to ensure that the cell suspension did 
not escape. Mice were monitored weekly and were analyzed 4 or 
12 weeks after injection to detect potential tumor formation.

Single-cell quantitative PCR. Orthotopic transplanted adult 
lungs with Sox9GFP+tdTomato+ cells—or, alternately, adult heart, 
liver or esophagus—were collected and dissociated as described 
above. tdTomato+ cells were FACS purified using a BD FACS Aria 
II cytometer and were captured on a medium-sized (10–17 µm 
cell diameter) microfluidic STA chip using the Fluidigm C1 sys-
tem. Cells were loaded onto the chip at a concentration of 300–
500 cells/mL, stained for viability (DEAD cell viability assay) and 
imaged by phase-contrast and fluorescence microscopy to assess 
the number and viability of cells per capture site. Only single, 
live cells were included in the analysis. Amplicons were prepared 
with pooled single-cell primers and the Single-Cells-to-CT qRT-
PCR kit (Thermofisher # 4458236) using the protocol provided by 
Fluidigm. For the purposes of normalization, ERCC RNA spike-in 
Mix (Thermofisher #4456740) was then added to the lysis reac-
tion. Single-cell multiplexed qPCR was performed in 96.96 IFC 
dynamic arrays and run on a Biomark HD as described in the 
manufacturer’s protocol (Fluidigm). For each of the multiplexed 
gene-specific primers, a nested pair of primers was designed in 
order to minimize nonspecific and primer-dimer signals dur-
ing gene-specific qPCR on the BioMark machine. Primers were 
designed using Primer3-based algorithm (http://primer3.wi.mit.
edu/) and are listed in Supplementary Table 5. Heatmaps and 
hierarchical clustering were generated with heatmapper (http://
www.heatmapper.ca/). A background of Ct 28 was used for all 
real-time signals as a cutoff. Samples with low Actb or Ywhaz 
expression levels (Ct higher than 18) were excluded from the 
analysis. These samples had low or no expression for all other 
genes, which suggested that these samples correspond to empty 
wells or dying or partially degraded single-cell samples. After QC, 

a total of 105 single cells were analyzed (in vitro Sox9+ progenitors 
(10); control adult lungs WT or tdTomato+ cells (42); transplanted 
tdTomato+ cells from injured mouse adult lungs (53). Single-cell 
raw Ct values are available in Supplementary Figure 12. R tSNE 
package was used for Supplementary Figure 12d.

Statistical analysis. All statistical calculations (other than RNA-
seq and microarray analysis) were performed using Graphpad 
Prism. Variance for all group data is expressed as mean ± s.d. 
For qPCR, fold changes were log2 transformed before statistical 
analysis. Two-way ANOVA statistical test was used to determine 
significance. Correction for multiple comparisons using statistical 
hypothesis (Dunnett test) was performed. A corrected P value less 
than 0.05 was accepted as significant. One-tailed unpaired t-test 
(with Welch’s correction) was used for Supplementary Figures 6b  
and 12b. A P value less than 0.05 was accepted as significant. All 
images are representative of at least three independent experi-
ments. No statistical method was used to predetermine sample 
size. Number of independent experiments (n) for each experiment 
is indicated in the corresponding figure legend.

Data availability statement. Microarray and RNA-seq data 
reported in this study have been deposited in EMBL-EBI (https://
www.ebi.ac.uk/arrayexpress/) under accession codes: E-MTAB-
6086 and E-MTAB-6085. Source data files for Figures 1–4 and  
Supplementary Figures 1–6 and 12 are available online. A Life 
Sciences Reporting Summary is available.

21. Nichane, M. et al. 3D culture of multipotent Sox9+ mouse embryonic lung 
progenitors: isolation, expansion and cryopreservation. Protocol Exchange 
http://dx.doi.org/10.1038/protex.2017.106 (2017).

22. Picelli, S. et al. Full-length RNA-seq from single cells using Smart-seq2. 
Nat. Protoc. 9, 171–181 (2014).
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Nature Research wishes to improve the reproducibility of the work that we publish. This form is intended for publication with all accepted life 
science papers and provides structure for consistency and transparency in reporting. Every life science submission will use this form; some list 
items might not apply to an individual manuscript, but all fields must be completed for clarity. 

For further information on the points included in this form, see Reporting Life Sciences Research. For further information on Nature Research 
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    Experimental design
1.   Sample size

Describe how sample size was determined. Standard size was chosen. Data were analyzed by using 2 to 4 biological replicates 
(cell cultures) in 3 or 4 independent experiments (>6 for in vivo animal work). n is 
stated in each figure legend and panel.

2.   Data exclusions

Describe any data exclusions. There was no data exclusion (with the exception of the initial experiments for 
optimizing timing and amount of injury and cell delivery). Supplementary Fig. 12 
show that  most (>80%) of bleomycin or naphthalene injured animals  contains 
transplanted cells but with different percentage ranges.

3.   Replication

Describe whether the experimental findings were 
reliably reproduced.

Every experiments were replicated independently at least 2 times (>6 times for in 
vivo transplant experiments) with 2  to 4 biological replicates (cell cultures). each 
qPCR (biomark) data point were performed in technical duplicate

4.   Randomization

Describe how samples/organisms/participants were 
allocated into experimental groups.

No randomization was used. Controls such as transplantation of cells in non-
injured animals were done in parallel together with mock (no cells) transplantation 
in injured animals.

5.   Blinding

Describe whether the investigators were blinded to 
group allocation during data collection and/or analysis.

There was no blinding for animal experiments. For molecular biology and 
immunostaining (including downstream animal work too), most of them were done 
by a different contributor (M.G.) who was not aware of the exact nature of 
samples before analyzing the outcome. Same blinding was used for Microarray and 
RNA-Seq data set analysis done by A.J.

Note: all studies involving animals and/or human research participants must disclose whether blinding and randomization were used.
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6.   Statistical parameters 
For all figures and tables that use statistical methods, confirm that the following items are present in relevant figure legends (or in the 
Methods section if additional space is needed). 

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement (animals, litters, cultures, etc.)

A description of how samples were collected, noting whether measurements were taken from distinct samples or whether the same 
sample was measured repeatedly

A statement indicating how many times each experiment was replicated

The statistical test(s) used and whether they are one- or two-sided (note: only common tests should be described solely by name; more 
complex techniques should be described in the Methods section)

A description of any assumptions or corrections, such as an adjustment for multiple comparisons

The test results (e.g. P values) given as exact values whenever possible and with confidence intervals noted

A clear description of statistics including central tendency (e.g. median, mean) and variation (e.g. standard deviation, interquartile range)

Clearly defined error bars

See the web collection on statistics for biologists for further resources and guidance.

   Software
Policy information about availability of computer code

7. Software

Describe the software used to analyze the data in this 
study. 

for Microarray analysis, lumi package (v2.20.2) . For RNA-seq analysis, the raw 
sequencing data was mapped  using STAR and quality of the individual libraries was 
evaluated using RNA-SeQC. R DESEQ2  and R tSNE packages were used for analysis 
and are described in the method section. No inhouse or other computer code were 
used

For manuscripts utilizing custom algorithms or software that are central to the paper but not yet described in the published literature, software must be made 
available to editors and reviewers upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). Nature Methods guidance for 
providing algorithms and software for publication provides further information on this topic.

   Materials and reagents
Policy information about availability of materials

8.   Materials availability

Indicate whether there are restrictions on availability of 
unique materials or if these materials are only available 
for distribution by a for-profit company.

There is no restriction on availability of unique materials.

9.   Antibodies

Describe the antibodies used and how they were validated 
for use in the system under study (i.e. assay and species).

Antibodies are listed in supplementary Table 4. Antibodies used in previous 
publication were validated on WT adult mouse lung tissue (cryosection). Antibodies 
were considered valid when staining was observed in the right cell type and at its 
correct sub-cellular localization (i.e. membrane, nuclear,...). Additional negative 
controls were performed on fibroblast and ESC cell lines available in the laboratory 

10. Eukaryotic cell lines
a.  State the source of each eukaryotic cell line used. No eukaryotic cell lines were used in this study. In vitro cultured Sox9+ progenitors 

are in-house generated lines from embryonic mouse lungs

b.  Describe the method of cell line authentication used. No eukaryotic cell lines were used in this study.

c.  Report whether the cell lines were tested for 
mycoplasma contamination.

in-house in vitro cultured Sox9+ progenitors were all tested negative for 
Mycoplasma

d.  If any of the cell lines used are listed in the database 
of commonly misidentified cell lines maintained by 
ICLAC, provide a scientific rationale for their use.

No cell lines were used in this study
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    Animals and human research participants
Policy information about studies involving animals; when reporting animal research, follow the ARRIVE guidelines

11. Description of research animals
Provide details on animals and/or animal-derived 
materials used in the study.

See Online Methods Section: Mouse Strains & Lung injury and orthotopic cell 
transplantation for details on the animals used in this study.

Policy information about studies involving human research participants

12. Description of human research participants
Describe the covariate-relevant population 
characteristics of the human research participants.

NO Human samples or materials were used in this study
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Flow Cytometry Reporting Summary
 Form fields will expand as needed. Please do not leave fields blank.

    Data presentation
For all flow cytometry data, confirm that:

1.  The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

2.  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).

3.  All plots are contour plots with outliers or pseudocolor plots.

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

    Methodological details
5.   Describe the sample preparation. See Online Method section and Supplementary protocol (protocol 

exchange) : Isolation of E12.5 mouse embryonic lung progenitors and 
Primary Sox9+ lung progenitors cell culture

6.   Identify the instrument used for data collection. BD FACS ARIA II

7.   Describe the software used to collect and analyze 
the flow cytometry data.

FACS DIVA 7.0 and 8.0

8.   Describe the abundance of the relevant cell 
populations within post-sort fractions.

>90% for Fig.1-4 and Supplementary Figure Fig.1-6 
>60-70% for Supplementary Fig.12

9.   Describe the gating strategy used. Gating strategy is shown in Supplementary Fig.1a with the following 
accompanying Fig. Legend: FACS gating strategy used to isolate Sox9+ 
progenitors from E12.5 Sox9GFP embryonic lungs. Viable cells (DAPI 
negative) from singlets were subjected to negative sorting in order to 
remove endothelial (Pecam1), hematopoietic (Ptprc) and red blood cells 
(Ter119) with e450 conjugated specific antibodies. Sox9GFP+ cells were 
further selected followed by Cdh1-e660 gating in order to discriminate 
between epithelial and nonepithelial cells. Double positive Sox9GFP+ Cdh1
+ cells are the distal tip lung progenitors while other populations reflect 
the non-progenitor epithelial fraction (Sox9GFP- Cdh1+) or a mesenchyme 
subtype (Sox9GFP+ Cdh1-). For In vitro cultured Sox9+ progenitors and 
Total Adult lung,  a similar gating strategy was used. Viable cells (DAPI-) 
from singlet were sorted by either Sox9GFP (with or without Cdh1-e660) 
or tdTomato respectively.

 Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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Isolation and characterization of Sox9
+
 embryonic lung progenitors. 

(a) FACS gating strategy used to isolate Sox9
+
 progenitors from E12.5 Sox9

GFP
 embryonic lungs. Viable cells (DAPI

-
) from singlets 

were subjected to negative sorting in order to remove endothelial (Pecam1), hematopoietic (Ptprc) and red blood cells (Ter119) with 
e450 conjugated specific antibodies. Sox9

GFP+
 cells were further selected followed by Cdh1-e660 sorting in order to discriminate 

between epithelial and nonepithelial cells. Double positive Sox9
GFP+

 Cdh1
+
 cells are the distal tip lung progenitors while other 

populations reflect the nonprogenitor epithelial fraction (Sox9
GFP-

 Cdh1
+
) or a mesenchymal cell subtype (Sox9

GFP+
 Cdh1

-
). (b) Growth 

curve of early (P2, >30 d) or late (P15, >180 d) passage in vitro-cultured Sox9
+ 

lung progenitors from day 0 to day 10. Initial cell 
seeding: 1000. (c) Representative flow cytometry profile of in vitro-cultured Sox9

+
 progenitors derived from WT Cdh1

+
 or Sox9

GFP+ 

Cdh1
+
 E12.5 embryonic lungs. (d) Quantification of Edu

+ 
cells of in vitro-cultured Sox9

+
 progenitors (P2, >30 d; P10, >120 d and P15, 

>180 d). (e) Representative karyotype of Sox9
+
 progenitors after long-term culture (P10, >120 d). 3 independent lines were analyzed. 

Average of n = 4 independent experiments (b,d). Data are mean ± s.d. (b,d). 
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Supplementary Figure 2 

Gene expression profile of in vitro-cultured Sox9
+
 progenitors. 

(a) Heatmap (qPCR) of selected airway, alveolar, endothelial and mesenchymal markers expression. Fold change (log2) relative to total 
E12.5 embryonic lungs control is shown. (b) Heatmap (qPCR) of selected markers from various adult and embryonic tissues. Fold 
change relative to whole E14.5 embryos is shown. Average of n = 4 (a) or n = 2 (b) independent experiments. 
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Supplementary Figure 3 

Effect of LPM-3D medium components withdrawal. 

(a) Growth curve of Sox9
+
 progenitors cultured in complete medium (LPM-3D) or in media where one component was removed (cell 

analyzed at P0, >10 d). Initial cell seeding: 1,000. (b-f) Gene expression profile (qPCR) of selected lung progenitor (b), airway (c,d), 
and alveolar (e,f) markers at P0 (>10 d; b,c,e) or prolonged culture (P3, >40 d; d,f) under the indicated culture conditions. Fold change 
relative to Sox9

+
 progenitors cultured with complete LPM-3D medium is shown. Average of n = 4 independent experiments (a-f). Data 

are mean ± s.d. (a-f). Adjusted P Value (Two-way ANOVA) *, P < 0.01; **, P < 0.02; ***, P < 0.05; n.s., not significant (b-f).  
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Supplementary Figure 4 

Effect of cell density modulation on in vitro-cultured Sox9
+
 progenitors. 

(a) Growth curve of Sox9
+
 progenitors with different initial cell seeding (300 to 6,000). (b) Relative total number of Sox9

+
 progenitor 

colonies per 1,000 cells seeded (seeding: 300 to 6,000). (c) Quantification of Sox9
GFP+ 

cells in in vitro-cultured Sox9
+
 progenitors with 

variable cell density (seeding: 1,000 to 60,000). (d) Gene expression profile (qPCR) of selected lung progenitor markers and Cdh1 
(seeding: 1,000 to 60,000). Fold change relative to total E12.5 embryonic lungs control is shown. (e) Gene expression profile (qPCR) of 
selected lung progenitor markers, Nkx2.1, Cdh1, GFP and tdTomato comparing in vitro-cultured lung progenitor colonies derived from 
wild-type (WT) Cdh1

+
, tdTomato

+
 Cdh1

+
, eGFP

+
 Cdh1

+
 and Sox9

GFP+
 Cdh1

+
 E12.5 embryonic lungs. Fold change relative to total E12.5 

embryonic lungs control is shown. (f-h) Immunostaining of colonies derived from WT Cdh1
+
 (f), eGFP

+
 Cdh1

+
 (g) and tdTomato

+
 Cdh1

+ 

(h) E12.5 embryonic lungs with Sox9 lung progenitor marker. DAPI with either eGFP (g) or tdTomato (h) fluorescence is shown in 
bottom-right insets. Scale bars = 10 µm. (i) Relative percentage of eGFP

+
 (green), tdTomato

+
 (red) or mixed (dark blue) colonies in 

which Cdh1
+
 cells from eGFP

+
 or tdTomato

+
 E12.5 embryonic lungs were mixed at the indicated ratios. Initial cell seeding: 3,000. 

Average of n = 4 independent experiments (a-e,i). Data are mean ± s.d. (a-e). Adjusted P Value (Two-way ANOVA) *, P < 0.01; ***, P < 
0.05 (d,e). 
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Supplementary Figure 5 
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Transcriptome of in vitro-cultured Sox9
+
 progenitors. 

(a) Schematic of the experimental strategy used for whole-transcriptome comparison by Microarray. Unsupervised hierarchical 
clustering of in vitro-cultured Sox9

+
 lung progenitors at early (P2) and late (P10) passages with in vivo Sox9

+
 embryonic lung 

progenitors, adult lung epithelial (Cdh1
+
 and EpCAM

+
) and non-epithelial (Cdh1

-
 and EpCAM

-
) cells is shown. (b) Three-dimensional t-

SNE plot of RNA-seq data. Different colors and different shapes represent in vitro-cultured Sox9
+
 progenitors (blue squares), in vivo 

E12.5 embryonic lung progenitors (derived from Sox9
GFP+

 Cdh1
+
 Pecam1

-
 Ptrprc

-
 Ter119

-
, green circles), adult lung epithelial cells (red 

triangles) and adult lung non-epithelial cells (yellow triangles). (c,d) Pairwise correlation plots from RNA-seq data comparing all the 
genes detected between in vitro-cultured Sox9

+
 progenitors with either adult lung Cdh1

+
/EpCAM

+
 epithelial (c) or Cdh1

-
/EpCAM

-
 non-

epithelial (d) samples. Raw data values were normalized and are shown as rlog (see Online Methods). Solid red line indicates x = y and 
dashed line ≥2-fold change in either direction. Representative genes showing differential expression are shown. Range of correlation 
value (R) from Fig. 3b are indicated. 
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Supplementary Figure 6 

In vitro differentiation of Sox9
+
 progenitors. 

(a) Gene expression profile (qPCR) of selected lung progenitor markers comparing Sox9
+
 progenitors grown in the indicated conditions. 

Fold change relative to Sox9
+
 progenitors cultured in LPM-3D is shown. (b) Quantification of Sox9

GFP+ 
cells in Sox9

+
 progenitors grown 

in the indicated conditions. (c) Immunostaining of Sox9
+
 progenitors grown in LPM-3D that shows the absence of Krt5 staining. Inset: 

DAPI. (d) Total number of differentiated alveolo- and bronchosphere observed on day 16 in transwell assay from early (P3) and late 
(P11) passage in vitro-cultured Sox9

+
 progenitors. Initial cell seeding: 20,000. (e-g) Immunostaining of differentiated Sox9

+
 progenitors 

colonies in transwell assay for markers of type II alveolar (Sftpb
+
, e) and type I alveolar cells (Hopx

+
, f; Pdpn

+
, g). (h) Immunostaining of 

ALI-differentiated cells for marker of goblet cells (Muc5ac
+
). (i-k) Gene expression profile (qPCR) of selected airway (i), alveolar (j) and 

lung progenitor (k) markers comparing Sox9
+
 progenitors grown in LPM-3D or in sphere- and ALI-differentiation assay from either early 

(P3, >30 d) or late (P11, >120 d) passage in vitro Sox9
+
 progenitors. Fold change relative to Sox9

+
 progenitors cultured in LPM-3D is 

shown. Scale bars = 10 µm (c, e-g) and 20 µm (h). Average of n = 4 (a,d), n = 2 (b) or n = 3 (i-k) independent experiments. Data are 
mean ± s.d. (a,b,d and i-k). Adjusted P Value (Two-way ANOVA) *, P < 0.01; **, P < 0.02; ***, P < 0.05; n.s., not significant (a,i-k). 
One-tailed unpaired t-test *, P < 0.01; **, P < 0.02 (b). 
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Supplementary Figure 7 

Transplantation of Sox9
+
 progenitors into uninjured lungs. 

Cryosections of adult lungs with transplanted Sox9
+ 

tdTomato
+
 progenitors and stained for the indicated markers. Transplanted Sox9

+ 

tdTomato
+
 progenitors fail to engraft the uninjured mouse lung. Representative images (n = 3 uninjured lungs) of airway markers 

(ciliated (AcTubulin
+
, a,b); club (Scgb1A1

+
, c,d); neuroendocrine (Calca

+
, e); goblet (Muc5ac

+
, f)) and alveolar markers (Type II alveolar 

(Sftpc
+
, g,h) and Type I alveolar (Pdpn

+
, i,j; Hopx

+
, k,l)) are shown. Scale bars = 40 µm. 
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Supplementary Figure 8 

Transplantation of Sox9
+
 progenitors into the naphthalene-injured mouse lung. 

Cryosections of adult lungs with transplanted Sox9
+ 

tdTomato
+
 progenitors after naphthalene injury and stained for the indicated 

markers. Transplanted Sox9
+ 

tdTomato
+
 progenitors differentiate into basal (Ngfr

+
, a; Krt5

+
, b), suprabasal (Krt8

+
, b) cells, goblet cells 

(Muc5ac
+
, c,d) or neuroendocrine cells (Calca

+
, e). Representative images of n = 5 (a,b), n = 3 (c-e) transplants. Insets (a, middle 

subpanel; c-e) show higher magnification of dashed boxed region. Bottom-right subpanels show voxels demonstrating colocalization 
(white) from 3D imaris analysis of z-stacks from insets (a,e) or from dashed boxed region (b). The numeric value is the percentage of 
tdTomato

+
 volume above the threshold (percent red voxels) that is colocalized with either Ngfr (a), Krt5 and Krt8 (b) or Calca (e) signal 

(percent green voxels) above the threshold. White arrowheads show representative transplanted tdTomato
+
 Sox9

+
 progenitors cells 

coexpressing specific airway markers. Scale bars = 40 µm. 
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Supplementary Figure 9 

Transplantation of Sox9
+
 progenitors into the bleomycin-injured mouse lung. 

Cryosections of adult lungs with transplanted Sox9
+ 

tdTomato
+
 progenitors after bleomycin injury and stained for the indicated markers. 

Transplanted Sox9
+ 

tdTomato
+
 progenitors differentiate into Type II alveolar (Sftpb

+
, a) and Type I alveolar (Pdpn

+
, b,c and Aqp5

+
, d) 

cells. Representative images of n = 5 (a), n = 3 (b,c,d) transplants. Insets (a-d) show higher magnification of dashed boxed region. 
Bottom-right subpanels show voxels demonstrating colocalization (white) from 3D imaris analysis of z-stacks in a,b,d (bottom-right sub-
panels). The numeric value is the percentage of tdTomato

+
 volume above the threshold (percent red voxels) that is colocalized with 

either Sftpb (a), Pdpn (b) or Aqp5 (d) signal (percent green voxels) above the threshold. White arrowheads show representative 
transplanted tdTomato

+
 Sox9

+
 progenitors cells coexpressing specific alveolar markers. Scale bars = 40 µm. 
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Supplementary Figure 10 

Three-dimensional reconstruction of engrafted Sox9
+
 progenitors in alveolar area after bleomycin injury. 

Cryosections of adult lungs with transplanted Sox9
+ 

tdTomato
+
 progenitors after bleomycin injury and stained for the Type I alveolar 

marker Hopx. Three-dimensional reconstruction of z-stack shown in Fig. 6f at lower magnification. tdTomato (a), Hopx antibody 
staining (b), merge (c) and colocalized (d) channels are shown. Scale bars = 70 µm. 
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Supplementary Figure 11 

Transplanted Sox9
+
 progenitors contribute exclusively to lung epithelial lineages. 

Cryosections of adult lungs with transplanted Sox9
+ 

tdTomato
+
 progenitors after bleomycin injury and stained for the indicated markers. 

Transplanted Sox9
+ 

tdTomato
+
 progenitors were never colocalized with the nonepithelial markers Pecam1 (endothelial, a), Ptprc 

(hematopoietic, b), Acta2 (smooth muscle, c) and Vimentin (mesenchyme, d). Representative images of n = 3 transplants. Insets (a-d) 
show higher magnification of dashed boxed region. Bottom-right subpanel show voxels demonstrating colocalization (white) from 3D 
imaris analysis of z-stacks in a. The numeric value is the percentage of tdTomato

+
 volume above the threshold (percent red voxels) that 

is colocalized with Pecam1 signal (percent green voxels) above the threshold. Only 2.91% of tdTomato
+
 voxels coexpress Pecam1 

(compared with the higher percentage of colocalization observed for Type II and Type I alveolar markers, see Fig. 6e,f and 
Supplementary Fig. 9). The areas of colocalization are typically observed to occur at the interface between tdTomato

+
 cells and 

neighboring Pecam1
+
 cells, an interface that the software cannot clearly distinguish given limitations of image resolution. Scale bars = 

40 µm. 
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Supplementary Figure 12 

Single cell qPCR of transplanted Sox9
+
 progenitors. 
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(a) Representative flow cytometry profile of adult lung transplanted with Sox9
+
 tdTomato

+
 progenitors in naphthalene and bleomycin 

injury models. (b) Quantification of tdTomato
+
 cells per adult lung after naphthalene (n = 5 transplants) and bleomycin (n = 5 

transplants) injury. No tdTomato
+
 cells were ever observed in noninjured lungs (n = 3 transplants). One-tailed unpaired t-test *, P ≤ 

0.01; ***, P < 0.05. More tdTomato
+
 cells per adult lung were found in bleomycin model probably due to the specific accessibility 

(conducting airways or alveolar areas) upon injury.  (c) Heatmap showing the unsupervised hierarchical clustering of single-cell gene 
expression signatures from control adult lungs epithelial and nonepithelial single-cells (from wild-type (WT) or tdTomato mouse lungs) 
(in green), pre-transplant in vitro-cultured Sox9

+
 lung progenitors (in blue) and FACS-sorted tdTomato

+
 single-cells from transplanted 

lungs with Sox9
+
 tdTomato

+
 progenitors after either bleomycin (in yellow) or naphthalene (in red). Each column corresponds to a 

particular single-cell and each row corresponds to a specific gene. Genes representative of each differentiated lung epithelial cell type 
including embryonic lung progenitors as well as lung mesenchymal and endothelial cells were tested. Red to light red suggest high to 
middle expression (Ct value range: 5-15), whereas white to grey suggest low to no expression (Ct value range: 15-28). Single-cells 
pooled from n = 7 transplanted lungs, n = 2 control adult lung epithelial cells and n = 2 in vitro-cultured Sox9

+
 progenitors (see also 

Online Methods and source file Supplementary fig. 12 for more details). (d) t-SNE of single-cells analyzed in c distinguishes between 
major adult airway and alveolar cell lineages as well as lung nonepithelial lineages. Transplanted Sox9

+
 tdTomato

+
 progenitors are 

found in the Type II alveolar, club and basal cells clusters and a closely related cluster of differentiating airway cells while pre-transplant 
in vitro cultured Sox9

+
 progenitors are found in a separate cluster. No transplanted Sox9

+
 tdTomato

+
 progenitors cluster with either lung 

mesenchymal or endothelial cells. 
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Supplementary Figure 13 

Engraftment specificity and nontumorigenicity of Sox9
+
 progenitors. 

(a) Representative flow cytometry profile of adult esophagus, heart and liver from mice intratracheally transplanted with Sox9
+
 

tdTomato
+
 progenitors in naphthalene and bleomycin injury models. No tdTomato

+
 cells were detected in these three organs (n = 3 for 

each tissue). (b) In vitro-cultured Sox9
+
 progenitors do not form tumor when injected subcutaneously. 1 million cells were injected in the 

right flank. n = 6 mice analyzed after 4 and 12 weeks. A representative image of a mouse with arrows indicating the injected and control 
sides is shown. 
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Supplementary Figure 14 

Summary of present work. 

Insert figure caption here by deleting or overwriting this text; captions may run to a second page if necessary. 
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Supplementary Note 

Knowledge from signaling pathways regulating the self-renewal, multipotency and 

differentiation of distal tip Sox9+ embryonic lung progenitors was instrumental in refining 

lung progenitor culture conditions in our work. Many signals used in our LPM-3D system 

have well established functions in distal tip lung progenitors expansion during the 

pseudoglandular phase of embryonic lung development. The dramatic effect observed 

upon Fgf10 and GSK3 inhibitor withdrawal corroborated the critical roles of Fgf and Wnt 

signaling during embryonic lung development1,2,3,4,5,6. EGF and FGF9 are also known to 

promote lung proliferation and expansion during the pseudoglandular phase7,8,9,10 while 

TGFβ signaling inhibits branching morphogenesis and growth11,12. p38 MAP kinase and 

Rho GTPase control the balance between proliferation and emergence of new lung bud 

and are required for proper morphogenesis13,14. In addition, p38 MAP kinase inhibition is 

important to block differentiation15. 

1 Volckaert, T. et al. Localized Fgf10 expression is not required for lung branching 
morphogenesis but prevents differentiation of epithelial progenitors. Development 140, 
3731-3742, doi:10.1242/dev.096560 (2013). 

2 Lebeche, D., Malpel, S. & Cardoso, W. V. Fibroblast growth factor interactions in the 
developing lung. Mech Dev 86, 125-136 (1999). 

3 Abler, L. L., Mansour, S. L. & Sun, X. Conditional gene inactivation reveals roles for Fgf10 
and Fgfr2 in establishing a normal pattern of epithelial branching in the mouse lung. Dev 
Dyn 238, 1999-2013, doi:10.1002/dvdy.22032 (2009). 

4 Ramasamy, S. K. et al. Fgf10 dosage is critical for the amplification of epithelial cell 
progenitors and for the formation of multiple mesenchymal lineages during lung 
development. Dev Biol 307, 237-247, doi:10.1016/j.ydbio.2007.04.033 (2007). 

5 Rajagopal, J. et al. Wnt7b stimulates embryonic lung growth by coordinately increasing 
the replication of epithelium and mesenchyme. Development 135, 1625-1634, 
doi:10.1242/dev.015495 (2008). 

6 Shu, W. et al. Wnt/beta-catenin signaling acts upstream of N-myc, BMP4, and FGF 
signaling to regulate proximal-distal patterning in the lung. Dev Biol 283, 226-239, 
doi:10.1016/j.ydbio.2005.04.014 (2005). 

7 Miettinen, P. J. et al. Impaired lung branching morphogenesis in the absence of functional 
EGF receptor. Dev Biol 186, 224-236, doi:10.1006/dbio.1997.8593 (1997). 

8 Warburton, D. et al. Epigenetic role of epidermal growth factor expression and signalling 
in embryonic mouse lung morphogenesis. Dev Biol 149, 123-133 (1992). 
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9 White, A. C. et al. FGF9 and SHH signaling coordinate lung growth and development 
through regulation of distinct mesenchymal domains. Development 133, 1507-1517, 
doi:10.1242/dev.02313 (2006). 

10 Yin, Y., Wang, F. & Ornitz, D. M. Mesothelial- and epithelial-derived FGF9 have distinct 
functions in the regulation of lung development. Development 138, 3169-3177, 
doi:10.1242/dev.065110 (2011). 

11 Serra, R., Pelton, R. W. & Moses, H. L. TGF beta 1 inhibits branching morphogenesis and 
N-myc expression in lung bud organ cultures. Development 120, 2153-2161 (1994). 

12 Zhao, J. et al. Abrogation of transforming growth factor-beta type II receptor stimulates 
embryonic mouse lung branching morphogenesis in culture. Dev Biol 180, 242-257, 
doi:10.1006/dbio.1996.0298 (1996). 

13 Liu, Y., Martinez, L., Ebine, K. & Abe, M. K. Role for mitogen-activated protein kinase p38 
alpha in lung epithelial branching morphogenesis. Dev Biol 314, 224-235, 
doi:10.1016/j.ydbio.2007.12.003 (2008). 

14 Moore, M., Marroquin, B. A., Gugliotta, W., Tse, R. & White, S. R. Rho kinase inhibition 
initiates apoptosis in human airway epithelial cells. Am J Respir Cell Mol Biol 30, 379-387, 
doi:10.1165/rcmb.2003-0019OC (2004). 

15 Ventura, J. J. et al. p38alpha MAP kinase is essential in lung stem and progenitor cell 
proliferation and differentiation. Nat Genet 39, 750-758, doi:10.1038/ng2037 (2007). 

 

 

Supplementary Tables 

Supplementary Table 1. List of component tested in the screening 

Growth factor Concentration Tested Supplier Reference 

ActivinA 2-5-10-20 ng/ml R&D 338-AC-050/CF 

BMP4 2-5-10 ng/ml R&D 5020-BP-010 

CNTF 10-20 ng/ml R&D 257-NT-010 

CXCL12 10-20 ng/ml R&D 460-SD-010 

EGF 10-20-50 ng/ml R&D 2028-EG-200 

FGF10 10-20-50 ng/ml R&D 6224-FG-025 

FGF2 10-20 ng/ml R&D 3139-FB-025 

FGF4 10-20 ng/ml R&D 5846-F4-025 

FGF7 10-20-50 ng/ml R&D 5028-KG-025 

FGF8 10-20 ng/ml R&D 423-F8-025 

FGF9 10-20-50 ng/ml R&D 7399-F9-025 

HGF 10-20 ng/ml R&D 2207-HG-025 

LIF 10-20 ng/ml R&D 8878-LF-025 

Noggin 20-100 ng/ml R&D 1967-NG-025 

PDGF-AA 10-20 ng/ml R&D 221-AA-010 

RA 0.01-0.05-0.1-0.5-1µM Sigma R2625 

SHH 10-20-50-100 ng/ml R&D 464-SH-025 

TGFβ1 2-10 ng/ml R&D 7666-MB-005 
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TGFβ2 2-10 ng/ml R&D 7346-B2-005 

VEGFa 10-20 ng/ml R&D 493-MV-005 

Wnt11 10-20-100 ng/ml R&D 6179-WN-010 

Wnt3A 10-20-50-100 ng/ml R&D 1324-WN-002 

Wnt5A 10-20-100 ng/ml R&D 645-WN-010 

Wnt7A 10-20-100 ng/ml R&D 3008-WN-025 

Wnt7B 10-20-100 ng/ml Thermofisher 89-011-080 

Small Molecule 

A8301 0.5-1-5 µM Tocris 2939 

BIRB796 0.5-1-5-10 µM Tocris 5989 

BMS493 1-5-10 µM Tocris 3509 

CHIR99021 1-2-3-4-5 µM Tocris 4423 

CI-1033 1-5-10 µM Tocris 5916 

DAPT 1-5-10 µM Tocris 2634 

Forskolin  1-10 µM Tocris 1099 

Go6983 0.2-0.5-1 µM Tocris 2285 

iMDK 0.2-0.5-1 µM Tocris 5126 

IWP2 4-10 µM Tocris 3533 

JAK Inhibitor I 1-5-10 µM Sigma 420099 

JNK Inhibitor VIII 5-10 µM Sigma 420135 

Ki16425 0.5-1-2 µM Tocris 5056 

LDN193189 0.1-0.25-0.5 µM Tocris 6053 

PD0325901 0.5-1-2 µM Tocris 4192 

PD173074 0.1-0.25 µM Tocris 3044 

PI103 0.1-0.2 µM Tocris 2930 

SAG  0.1-0.25 µM Tocris 4366 

SANT1 0.25-0.5-1 µM Tocris 1974 

Sunitinib 1-5-10 µM Tocris 3768 

Verteporfin 0.5-1-2 µM Tocris 5305 

VX745 0.25-0.5-1-5-10 µM Tocris 3915 

Y27632 1-5-10 µM Tocris 1254 

Matrix ECM protein1 

Cdh1 (E-Cadherin) 0.1-1 µg/ml R&D 748-EC-050 

Cdh2 (N-cadherin ) 0.1-1 µg/ml R&D 6626-NC-050 

Cdh3 (P-Cadherin) 0.1-1 µg/ml R&D 761-MP-050 

Dll1 0.1-1 µg/ml R&D 5026-DL-050 

Ephrin A1 0.1-1 µg/ml R&D 602-A1-200 

Ephrin A2 0.1-1 µg/ml R&D 603-A2-200 

Ephrin A3 0.1-1 µg/ml R&D 7395-EA-050 
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Ephrin A4 0.1-1 µg/ml R&D 569-A4-200 

Ephrin A5 0.1-1 µg/ml R&D 7396-EA-050 

Ephrin B1 0.1-1 µg/ml R&D 473-EB-200 

Ephrin B2 0.1-1 µg/ml R&D 496-EB-200 

Ephrin B3 0.1-1 µg/ml R&D 7655-EB-050 

Integrinα2β1 0.1-1 µg/ml R&D 7828-A2-050 

Integrinα3β1 0.1-1 µg/ml R&D 2840-A3-050 

Integrinα5β1 0.1-1 µg/ml R&D 7728-A5-050 

Integrinα6β4 0.1-1 µg/ml R&D 8067-A6-050 

IntegrinαVβ3 0.1-1 µg/ml R&D 7889-AV-050 

IntegrinαVβ5 0.1-1 µg/ml R&D 7706-AV-050 

IntegrinαVβ6 0.1-1 µg/ml R&D 7480-AV-050 

Jagged1 0.1-1 µg/ml R&D 1277-JG-050 

Jagged2 0.1-1 µg/ml R&D 4748-JG-050 

L1-CAM  0.1-1 µg/ml R&D 5674-NC-050 

NCAM 0.1-1 µg/ml R&D 6070-NC-050 

Collagen I 10-20 µg/ml Corning 354236 

Collagen IV 10-20 µg/ml Corning 354233 

Fibronectin  10-20 µg/ml Corning 354008 

Gelatin 10-20-100 µg/ml Stem Cell 7903 

Matrigel GFR PR-free 1-3-5-10 mg/ml Corning 356231 

Basal Media 

Advanced DMEM - Thermofisher 12491015 

Advanced DMEM/F12 - Thermofisher 12634010 

Advanced RPM1406 - Thermofisher 12633012 

Advanced RPM1406/F12 - Thermofisher 12633012/11765054 

DMEM - Thermofisher 11965092 

DMEM/F12 - Thermofisher 11320033 

IMDM - Thermofisher 12440053 

IMDM/F12 - Thermofisher 12440053/11765054 

Media199 - Thermofisher 11150067 

Media199/F12 - Thermofisher 11150067/11765054 

Neurobasal - Thermofisher 21103049 

Neurobasal/AdvDMEMF12 - Thermofisher 21103049/12634010 

Neurobasal/F12 - Thermofisher 21103049/11765054 

Other components 

8-bromo-cAMP  100 µM Sigma B5386 

Adenine  100-200 µM Sigma A2786 

Albumax 1x Thermofisher 11021037 
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Ascorbic acid  50 µg/ml Sigma A4403 

B27 (-VitA) 1x Thermofisher 12587010 

Dexamethasone  0.05-0.1-0.5uM Sigma D4902 

Fetal Bovine Serum 1-5-10-20% Hyclone SH30071 

Heparan Sulfate 0.5-1-2-5-10 µg/ml Sigma H7640 

Heparin 1-2-5-10-20 µg/ml Sigma H3149 

Hydrocortisone 0.5-1 µg/ml Sigma H0888 

IBMX  10-100 µM Sigma I7018 

Insulin  1-5-10 µg/ml Roche 11376497001 

KOSR  1-5-10-20% Thermofisher 10828028 

L-Glutamine 1x Thermofisher 25030081 

Lipid Concentrate  1x Thermofisher 11905031 

N2 1x Thermofisher 17502048 

NEAA 1x Thermofisher 11140050 

Nicotinamide  10-20mM Sigma N0636 

Sodium Pyruvate  1x Thermofisher 11360070 

Thioglycerol  150-500 µM Sigma M6145 

Transferrin  5-15 µg/ml Roche 10652202001 

Triiodothyronine  2 nM Sigma T6397 
1 Matrix ECM proteins were mixed at the indicated concentration with Matrigel and not added in 

LPM-3D culture medium per se. 

 

Supplementary Table 2. List of gene-specific primers used in this work 

Gene Sequence Forward Sequence Reverse 

β-TubulinIV tcttcatgccaggattcgca tgttgggtcagctcaggaac 

Abca3 tttctcattccctccacctg aagccgtgcactctcatctt 

Acta2 (α-SMA) agaggcaccactgaacccta cacatacatggcggggacat 

Actb accaactgggacgacatggagaag tacgaccagaggcatacagggaca 

Agr2 ttggccaaagacaccacagt ctgaggtagtttgggccgag 

Aqp1 ccgagacttaggtggctcag tgataccgcagccagtgtag 

Aqp5 tcctggctgcaatcctctac cagctcgatggtcttcttcc 

Ascl1 acttgaactctatggcgggtt ggtaaagtccagcagctcttg 

Bmp4 cgttacctcaagggagtgga atgcttgggactacgtttgg 

C/EBPα tggacaagaacagcaacgag gtcactggtcaactccagca 

Calca (cGRP) tcaatcttggaaagcagccca ctccctggctttcatctgca 

Caveolin agccgcgtctactccatcta tctctttctgcgtgctgatg 

CD34 aggcctgagtgtttgctgat ccccagctttctcaagtcag 

Cdh1 (E-Cadherin) actgtgaagggacggtcaac ggagcagcaggatcagaatc 

Cdh5 (VE-Cadherin) agagtgcgctggagattcac ccaccgcgcacagaattaag 
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ChgA gcatccagttcccacttcca cttcccttcagacggcagag 

c-kit ggctagccagagacatcagg cagtcgtgcatttcctttga 

Col1a2 tcgggcctgctggtgttcgtg gggcgcggctgtatgagttcttc 

Col5a2 ccctggcttgaaaggtcacag gcccatagcacccattggac 

Cyp2f2 cgtctgctcaccatcatcca tttgtgtggcccaggtatcc 

eGFP ctaccccgaccacatgaagc gaagaagatggtgcgctcct 

EpCAM cctgagagtgaacggagagc cacaatgacagcgatgatcc 

EphA4 aatttgggcagatcgtcaac cagagaattcaggggagctg 

Etv4 gtaccatgaccccctgtacg aagtctgtgcgctcctgttt 

Etv5 cgttggggtatccagaagaa tgcatgatgcccttttcata 

FGF10 gtcttcgttccctgtcacct gaagaagagcagttggtggc 

FoxA2 agcaccattacgccttcaac ccttgaggtccattttgtgg 

FoxA3 acaccttatttcagcggcct cccaaaccccacatccagtt 

FoxF1 acaacaggcggaggatctta cacacacggcttgatgtctt 

FoxJ1 acatcaactgccctgctacc catcaaagtccaggctgtca 

FoxP2 gagattgccccaaactacga ctgcctgtcagatgactcca 

GATA6 caaaagcttgctccggtaac tgaggtggtcgcttgtgtag 

Gcnt3 cccactgagcaaggaagagg ctcgcagcaacctttcgaag 

Gli1 acccctcctcctctcattcc acaattcctgctgcgactga 

Hopx acaaggtcaacaagcacccg caggcgctgcttaaaccatt 

Id2 ctccaagctcaaggaactgg aggctgacgatagtgggatg 

Integrinα6 agccccagggacttacaact cttcatagggcccatcttca 

Integrinβ4 gaaggagttgcaggtgaagc gctgagttggacttggaagc 

Irx2 cacgtcccctttctatggca cagcgctgcgtttaagttcc 

Krt14 caaggatgctgaggaatggt ccggagctcagaaatctcac 

Krt5 accttcgaaacaccaagcac ttggcacactgcttcttgac 

Krt8 actcactagccctggcttca tcttcacaaccacagccttg 

Lamp1 agcataccggtgtgtcagtg gttgccactcgacaggtagg 

Lamp2 caacacccactccaactcca tggtagccagcagacaggta 

Leptin cttctccaagagctgctccc ctcaaagccaccacctctgt 

Ltf cctgcttgctaaccagacca acacagggcacagagattgg 

Lyz2 agagctgtgaatgcctgtgg tctcaccaccctctttgcac 

Mcidas ctgccagctctcacaaccat cactaggagacgcttcggtt 

Muc1 tgaggaggtttcggcaggta agttggcagaagtggtcacc 

Muc5ac aggtggtccagaaggatgtg caggtagttgcccatctggt 

NGFR ctgcctggacagtgttacgt cacagggagcggacatactc 

Nkx2.1 gcgacgtttcaagcaacaga cgtgggtgtcaggtgaatca 

Nmyc gatgaggatgacgaggagga acgcacagtgatcgtgaaag 

Noggin cggccagcactatctacaca gcgtctcgttcagatccttc 

p63 cagcaccagcacctacttca gataagctggctcacggaag 

Pax8 ctagctccaccccttcctct gtgaactgcccatacacgga 
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PDGFRα cttcggaagagagtgccatc caccaggtccgaggaatcta 

Pdpn attgtgaccccaggtacagg agaggtgccttgccagtaga 

PeCAM(CD31) gcccaatcacgtttcagttt aaaacgcttgggtgtcattc 

Ptprc (CD45) atcgcggtgtaaaactcgtc taggcttaggcgtttctgga 

RAGE gggaggcctgggagtagtag attcagctctgcacgttcct 

S100A4 acttggacagcaacagggac tcttccggggctccttatct 

Scgb1A1 gctcagcttcttcggacatc gtctgagccagggttgaaag 

Scgb3a1 ccatcctgaggttcatcctg agctcggtgacacacttcct 

Scgb3a2 ctcatcaaccgtctccctgt tacagaaatgcccagggttt 

SftpA catcaagtgcaatgggacag ggtccagggtctcctttgat 

SftpB gctagtctgtggccttgtcc ggcctggttgatcacagact 

SftpC agcagacaccatcgctacct gcagtaggttcctggagctg 

SftpD tggagcagagaactgtgtgg acagataacaaggcgctgct 

Shh gcaggtttcgactgggtcta  ccacggagttctctgctttc 

Sox11 ctggattccttcagcgaggg gatcatctcgctcagctccg 

Sox2 ctctgcacatgaaggagcac ctccgggaagcgtgtactta 

Sox9 ctgaagggctacgactggac tactggtctgccagcttcct 

Spdef ccttgggtggggatgtactg gcagtagtgaagggtcccag 

Spry2 cctggtgacgttaagccact cgcagtcctcacacctgtag 

SSEA1 caaagccctggagaccgtag gagtatgggagggcgattcg 

SYP tggtgactactcctcctcgg gaagatgtaggtggccaggg 

TGFβ2 tggcttcaccacaaagacag cctcgagctcttcgctttta 

Thy1 ctcagtcttgcaggtgtccc tccaggcgaaggttttggtt 

Twist2 (Dermo1) cagcaagatccagacgctca ttgtccatctcgtcgctctg 

Uchl1 tgccctttccagtgaaccat attctctgcagaccttggca 

Upk3a cggagtggaggcatgattgt gaaacccacgagcaggaaga 

VEGFR2 atgcccgactccctttgaag gcaacacaccgaaagaccac 

Vimentin gcacgtcttgaccttgaacg aggtcaggcttggaaacgtc 

Wnt2a cctccagggtgatgtgtgac ccaatggcacgcatcacatc 

Wnt7b atgcccgtgagatcaaaaag gtggtccagcaagttttggt 

YWHAZ cgttgtaggagcccgtaggtcat tctggttgcgaagcattggg 

 

Supplementary Table 3. Summary of Sox9+ lung progenitors culture medium  

LPM-3D 
Medium 

Components Final 
concentration 

Supplier Reference 

Basal Medium Advanced DMEM/F12 - Thermofisher 12634010 

 
Growth factors 

Fgf10 50ng/ml R&D 6224-FG-025 

Fgf9 50ng/ml R&D 7399-F9-025 

Egf 50ng/ml R&D 2028-EG-200 

 CHIR99021 3µM Tocris 4423 
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Small molecules BIRB796 1µM Tocris 5989 

Y27632 10µM Tocris 1254 

A8301 1µM Tocris 2939 

 
Other 
Components 

Heparin 5µg/ml Sigma H3149 

Insulin 10µg/ml Roche 11376497001 

Transferrin 15µg/ml Roche 10652202001 

PenStrep 1x Thermofisher 15140122 

Glutamine 1x Thermofisher 25030081 

Anti-Anti (optional) 1x Thermofisher 15240062 

G418 (optional) 50µg/ml Thermofisher 11811031 

 

Supplementary Table 4. List of antibodies for flow cytometry and 

immunofluorescence 

Antibody Host Supplier Reference Usage Dilution 

α-Cdh1 (E-Cadherin) e660  rat eBioscience 50-3249-82 FACS 200 

α-Ptprc(CD45) e450 rat eBioscience 480451 FACS 200 

α-Ter119 e450 rat eBioscience 485921 FACS 200 

α-Pecam1 (CD31) e450 rat eBioscience 480311 FACS 200 

α-Id2 rabbit CalBioreagents M214 IF 100 

α-Nkx2.1 rabbit Abcam ab76013 IF 100 

α-Sox9 rabbit Millipore AB5535 IF 100 

α-Cdh1 (E-Cadherin ) rat eBioscience 14-3249 IF 100 

α-Krt5 rabbit Abcam ab53121 IF 1000 

α-Sox2 goat R&D AF2018 IF 100 

α-p63 mouse Abcam ab735 IF 50 

α-Hopx (FL-73) rabbit Santa Cruz sc-30216 IF 100 

α-Aqp5 rabbit Abcam ab78486 IF 1000 

α-NGFR rabbit Abcam ab8875 IF 200 

α-SftpB rabbit Millipore 07-614 IF 1000 

α-SftpC rabbit Millipore AB3786 IF 1000 

α-Krt8 rat DHSB AB 531826 IF 50 

α-Mucin5AC mouse Abcam ab3649 IF 100 

α-Acetylated Tubulin mouse Sigma T6793 IF 1000 

α-Scgb1A1 (CC10) goat Santa Cruz sc-9772 IF 50 

α-Calca (cGRP) rabbit Sigma C8198 IF 500 

α-Pdpn (M-172) rabbit Santa Cruz sc-134483 IF 100 

α-Acta2 (α-SMA) mouse Sigma A 2547 IF 200 

α-Pecam1 (CD31) rat BD 550274 IF 100 

α-Ptprc (CD45) rat Biolegend 103101 IF 100 

α-Vimentin (c-20) goat Santa Cruz sc-7557 IF 50 
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α-mouse A488 donkey Thermofisher A21202 IF 500 

α-rabbit A488 donkey Thermofisher A21206 IF 500 

α-goat A488 donkey Thermofisher A11055 IF 500 

α-rat A488 donkey Thermofisher A21208 IF 500 

α-mouse A568 donkey Thermofisher A10037 IF 500 

α-rabbit A568 donkey Thermofisher A10042 IF 500 

α-goat A568 donkey Thermofisher A11057 IF 500 

α-rat A594 donkey Thermofisher A21209 IF 500 

α-goat A633 donkey Thermofisher A21082 IF 500 

α-mouse A633 goat Thermofisher A21052 IF 500 

α-rat A633 goat Thermofisher A21094 IF 500 

α-rabbit A633 goat Thermofisher A21071 IF 500 

 

Supplementary Table 5. List of gene-specific primers used in Single-Cell qPCR 

Pooled Preamplification Nested Specific qPCR 

Gene Sequence Forward Sequence Reverse Gene Sequence Forward Sequence Reverse 

SC-qPCR 
Abca3  

accttcatctgtgccttccg gatcagtggtgtgtcgagca SC-qPCR 
Abca3  

ctgcagaaccggacatcagt tccaagctagggaccaggat 

SC-qPCR 
Sftpa1 

cggcagagatgggagagatg tccatgttctccaggtgcac SC-qPCR 
Sftpa1 

cagagatgggagagatggtatca catcgcgcccaggaagac 

SC-qPCR 
Sftpb  

ctatcacgtcggcctcatcc tggcacaggtcattagctcc SC-qPCR 
Sftpb 

atccctggagtgtgcacaag tggcacaggtcattagctcc 

SC-qPCR 
Sftpc 

tctcatcgtggttgtggtgg ttctgagtttccggtgctcc SC-qPCR 
Sftpc 

cgtggtgattgtaggggctc gctcatctcaaggaccatctca 

SC-qPCR 
Sftpd  

atggacgggatgggagagaa ctccctttggtccaggttcg SC-qPCR 
Sftpd 

 ctatggggctctcagggttg ttcgccagcagagccattc 

SC-qPCR 
Lyz2  

ccgactgggtgtgtttagct cacagctcttggggttttgc SC-qPCR 
Lyz2  

acgagctacaaactacaaccgt ccatcattacaccagtatcggc 

SC-qPCR 
Aqp5  

tgaacccagcccgatctttc cgaggaggggaaaagcaagt SC-qPCR 
Aqp5  

aatcggttcagcccctctca tagaggattgcagccaggac 

SC-qPCR 
Hopx  

tcaacaagcacccggacc ccgtaacagatctgcattccg SC-qPCR 
Hopx  

tctcacggaggagcagac caagccttctgaccgccg 

SC-qPCR 
Pdpn  

tttggggagcgtttggttct taagccctccagtagcacct SC-qPCR 
Pdpn  

tttggttctgggactctgcg catgccgtctcctgtacctg 

SC-qPCR 
RAGE  

acgggactctttacactgcg tccctgactcggagttggat SC-qPCR 
RAGE  

cagagctgacagtgatcccc tgaaactgcaggagaaggtagg 

SC-qPCR 
FoxJ1  

ctgggaggccatctttgagg ggtagcagggcagttgatgt SC-qPCR 
FoxJ1  

cactggagggtctggagcta ccggccatggactgtaagat 

SC-qPCR 
Krt14  

gaggccaacactgaactgga cattggcattgtccacggtg SC-qPCR 
Krt14  

ggtgaagattcgggactggt tgctcttcaggtcctcgatg 

SC-qPCR 
Krt5  

ttggttttggtggtggagct ttcagaggggtgaggaggtt SC-qPCR 
Krt5  

ctggctttggtggtggctat agaggggtgaggaggttctg 

SC-qPCR 
p63  

gccattccctccaacacaga tgtcttcgcaatctggcagt SC-qPCR 
p63  

cgatgtgtccttccagcagt agcttcttcagttcggtgga 

SC-qPCR 
Ascl1  

accgggtcaagttggtcaa gcgcggatgtactcgacc SC-qPCR 
Ascl1  

cgcggccaacaagaagatg cggatgtactcgaccgcc 

SC-qPCR 
Uchl1  

cggcccagcatgaaaacttc gcttgtcttggttgttggcc SC-qPCR 
Uchl1  

gggacaggaagttagccctaaa ccgatggtaccacaggagtt 

SC-qPCR 
Calca  

tcaatcttggaaagcagccca tcctgctcttcctcctgctc SC-qPCR 
Calca  

gaagaagttcgcctgctgg ctccctggctttcatctgca 

SC-qPCR 
ChgA  

caagggacaacaggatggct tgggtattggtggctgtgtc SC-qPCR 
ChgA  

gcctttccagagcctaacca ggtattggtggctgtgtcct 

SC-qPCR 
Upk3a  

acatgggcagttctgatggg cctctgctctgtctaggggt SC-qPCR 
Upk3a  

tggggaaatgacacacgact gaaggctcagaagtccccag 
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SC-qPCR 
Cyp2f2 

caacgctttgctgacgtcat tgaggcgtcttgaactggtc SC-qPCR 
Cyp2f2 

ctttgctgacgtcatcccca atgacatctgtgcccttggg 

SC-qPCR 
Scgb1A1  

tcactgtggtcatgctgtcc tcagggatgccacataaccag SC-qPCR 
Scgb1A1  

cggacatctgcccaggattt gggatgccacataaccagact 

SC-qPCR 
Scgb3A1  

cacttggccatcctgaggtt accgaacattgtcaggaccc SC-qPCR 
Scgb3A1  

ggttcatcctggccagcat cccagctcggtgacacac 

SC-qPCR 
Scgb3A2  

accgtctccctgttgttgac cagctcgtccacacacttct SC-qPCR 
Scgb3A2  

acctgtacctttggacgaca tctacagaaatgcccagggt 

SC-qPCR 
Agr2  

ctcggcccaaactacctcag ttgactgtgtgggcattcgt SC-qPCR 
Agr2  

cagaggttggggcgatcag gggtctgttgcttgtcttgg 

SC-qPCR 
FoxA3  

cacctctgccaccactacag gtgtggacgaaggaggtgag SC-qPCR 
FoxA3  

caccactacagctgccact cccacatcatccccactctg 

SC-qPCR 
Spdef  

gagcagtgtcccgtcattga ccagggtctgctgtgatgtt SC-qPCR 
Spdef  

tcattgacagccaggcctct ccacaaccatcgattgcacc 

SC-qPCR 
Muc5ac  

gcccatccaaccctcactac aaggcacgcagattgagtca SC-qPCR 
Muc5ac  

cccaagcctgacccttcaag aagtgtcgtgctgtctggac 

SC-qPCR 
Nkx2.1  

gagcgacgtttcaagcaaca gcctggcgcttcatcttgta SC-qPCR 
Nkx2.1  

cagaagtacctgtcggcgc accagatcttgacctgcgtg 

SC-qPCR 
Sox2  

gcagacctacatgaacggct ctggagtgggaggaagaggt SC-qPCR 
Sox2  

acagcatgtcctactcgcag cctcggacttgaccacagag 

SC-qPCR 
Krt8  

cgtggggagatggccattaa gtgatctcgatgtccagggc SC-qPCR 
Krt8  

ggatgcccagaccaagctg ataagctcctggtactcgcg 

SC-qPCR 
Cdh1  

cagccggtctttgagggatt ctggctgacgatggtgtagg SC-qPCR 
Cdh1  

tctttgagggattcgttgcaga agcgttgtaggtgttgacgt 

SC-qPCR 
EpCAM  

tggacctgagagtgaacgga accaccacaatgacagcgat SC-qPCR 
EpCAM  

ctgagagtgaacggagagcc cgggtgccttttcatcaacg 

SC-qPCR 
FoxF1 

ggtatcactcacagtcgccc acacggcttgatgtcttggt SC-qPCR 
FoxF1 

gcccagcatgtgtgacagaa atcctccgcctgttgtatgc 

SC-qPCR 
Vimentin 

tgcttcaagactcggtggac tgttctgctgctcgaggaag SC-qPCR 
Vimentin 

ttcaagaacacccgcaccaa cgatgtagttggcaaagcgg 

SC-qPCR 
Thy1 

ctcagtcttgcaggtgtccc tcctcttctctcgggtcagg SC-qPCR 
Thy1 

cagaaggtgaccagcctgac tattctcatggcggcagtcc 

SC-qPCR 
Acta2  

tgctgtccctctatgcctct gtagtcggtgagatctcggc SC-qPCR 
Acta2  

gctggactctggagatggtg gtccagacgcatgatggca 

SC-qPCR 
S100A4  

aggagctactgaccagggag atggcaatgcaggacaggaa SC-qPCR 
S100A4  

gcaacttggacagcaacagg ggcaatgcaggacaggaaga 

SC-qPCR 
Pdgfrα  

cgctggagggttatcgagtc cactttcccaaatgcaccgg SC-qPCR 
Pdgfrα  

tatcgagtcaatcagccccg ggccatctctcgggaattcc 

SC-qPCR 
Cdh5  

atgcagatgaccccactgtg gcctgtttctctcggtccaa SC-qPCR 
Cdh5  

cacgccactgtcttgtacca cctgtttctctcggtccaagt 

SC-qPCR 
Flk1 

ggccaatgaaggggaactga ctagtttcagccggtccctg SC-qPCR 
Flk1 

gaattgcccttggatgagcg tttcagccggtccctggg 

SC-qPCR 
Pecam1  

gtcagagtcttccttgcccc cgggtttctgtttggccttg SC-qPCR 
Pecam1  

tcattggagtggtcatcgcc ctgtttggccttggctttcc 

SC-qPCR 
Ptprc  

atggaaaggggaagagctgc gtggacgaggatggatgcat SC-qPCR 
Ptprc  

cctgcagaacccaaagacct ctggggaagccttgggaag 

SC-qPCR 
EphA4 

ttcgaggctcctgtgtcaac ttgcaagcttggcattcacc SC-qPCR 
EphA4 

tgtggggcagatggtgaatg tcaccattctgctcctcgtg 

SC-qPCR 
Etv5 

atcctacatgagaggcgggt ctcgatacatggtgggctcc SC-qPCR 
Etv5 

gggtatttctccagcagcca tttgccttccagtctctcgg 

SC-qPCR 
Id2 

gaaagccttcagtccggtga ggcaccagttccttgagctt SC-qPCR 
Id2 

gaaagccttcagtccggtga gggttttgctccgggagatg 

SC-qPCR 
Sox9 

ccagcaagaacaagccacac ttgcccagagtcttgctgag SC-qPCR 
Sox9 

ttcatggtgtgggcgcag gagtcttgctgagctccgc 

SC-qPCR 
Mycn 

gacttctacttcggcggtcc cagcatctccgtagcccaat SC-qPCR 
Mycn 

ggggaggacatctggaagaag ccaattcgaaggctccggg 

SC-qPCR 
Tgfβ2 

ctcccctccgaaaatgccat ctctggctttggggttttgc SC-qPCR 
Tgfβ2 

tcgtccgctttgatgtctca caagcggaagaccctgaact 

SC-qPCR 
Wnt7b 

ccaactactgcgaggaggac ttggtgtactggtgcgtgtt SC-qPCR 
Wnt7b 

cagggccgtctgtgcaac tggtgcgtgttgtagccg 

SC-qPCR 
Spike  

atctgcttctgtggcgatca cgtcaatgcagcgcctttat SC-qPCR 
Spike  

cgacgatcttacacgcttgc gcagcacttcgaggcaatc 

SC-qPCR 
tdTomato 

cccacaacgaggactacacc gccatgttgttgtcctcgga SC-qPCR 
tdTomato 

tggaacagtacgagcgctc gccatgccccaggaacag 

SC-qPCR 
YWHAZ  

gcgtgacatctgcaacgatg tcatcaccagcagcaacctc SC-qPCR 
YWHAZ  

tcgcaaccagaaagcaaagtc cagcaacctcggccaagtaa 

SC-qPCR 
Actb  

cactgtgcccatctacgagg gcacgatttccctctcagct SC-qPCR 
Actb  

tatgctctccctcacgccat cgctcggtcaggatcttcat 
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