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During the stepwise specification and differentiation of tissue-
specific multipotent progenitors, lineage-specific transcriptional
networks are activated or repressed to orchestrate cell specifica-
tion. The gas-exchange niche in the lung contains two major
epithelial cell types, alveolar type 1 (AT1) and AT2 cells, and the
timing of lineage specification of these cells is critical for the
correct formation of this niche and postnatal survival. Integrating
cell-specific lineage tracing studies, spatially specific mRNA tran-
script and protein expression, and single-cell RNA-sequencing
analysis, we demonstrate that specification of alveolar epithelial
cell fate begins concomitantly with the proximal-distal specifica-
tion of epithelial progenitors and branching morphogenesis earlier
than previously appreciated. By using a newly developed dual-
lineage tracing system, we show that bipotent alveolar cells that
give rise to AT1 and AT2 cells are a minor contributor to the alve-
olar epithelial population. Furthermore, single-cell assessment of
the transcriptome identifies specified AT1 and AT2 progenitors
rather than bipotent cells during sacculation. These data reveal a
paradigm of organ formation whereby lineage specification occurs
during the nascent stages of development coincident with broad
tissue-patterning processes, including axial patterning of the en-
doderm and branching morphogenesis.
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he precision of development depends on a stepwise lineage

allocation of various cell lineages from multipotent pro-
genitor cells. This progressive lineage restriction involves ac-
quisition of cell fate-specific transcriptional programs and
repression of alternative cell fate programs (1). Murine lung
development follows similar paradigms and is initiated after
specification of progenitor cells from the foregut endoderm at
approximately embryonic day (E) 9.0 (2). Marked by expression
of the transcription factor Nkx2.1, this multipotent endoderm
progenitor undergoes lineage specification into Sox2* proximal
and Id2*/Sox9* distal endoderm progenitor cells before E13.5
(3-7). Following an axial patterning program of branching
morphogenesis and growth, proximal and distal endoderm pro-
genitor cells differentiate into the diverse lineages of the con-
ducting airway and alveolar region, respectively.

Multilineage priming in progenitor cells is an emerging para-
digm that is thought to exist in several organ systems and com-
prise a major mechanism for cell fate specification. As described
in hematopoiesis, multilineage priming of hematopoietic stem
cells (HSCs) provides plasticity for decision-making in commit-
ment to several hematopoietic cell lineages (8-12). However,
recent single-cell transcriptional profiling of HSCs suggests
heterogeneity rather than synchronized specification and differ-
entiation (13-16). Complementary studies using lineage tracing
approaches, transplantation assays, and single-cell expression
analyses have revealed that these populations exist as hetero-
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geneous mixtures of unipotent, oligopotent, and transitioning
progenitor cells that are lineage-restricted (15, 17-19).

A similar process of progressive lineage restriction has been
proposed for lung alveolar epithelial cell lineage specification
into alveolar type 1 (AT1) and AT2 cells from a Sox9*/1d2*
distal tip progenitor cell (6). An alternative model posits that
alveolar epithelial cell specification occurs in a burst of activity
during sacculation through a common bipotent alveolar epithe-
lial progenitor cell (20, 21). However, there are few functional
data available about a putative bipotent progenitor because of
the lack of specific markers and appropriate tools to assess the
fate of such a cell. In our previous study, we demonstrated that
Wht-responsive epithelial cells are found throughout the distal
lung bud during branching morphogenesis and into sacculation,
in which they were restricted to the AT2 fate (22). These data
raised the possibility that alveolar epithelial cell fate is tempo-
rally restricted before the previously reported appearance of a
bipotent progenitor cell (20, 21). In this report, we demonstrate
that alveolar epithelial lineage specification begins earlier than
previously appreciated, coincident with proximal-distal pattern-
ing and branching morphogenesis of the lung. These alveolar
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progenitors restrict to AT1 or AT2 cell fates and arise from
geographically distinct regions of the terminal branching airways,
supporting their lineage separation in early lung development.
Protein and gene-expression analyses combined with dual-
recombinase lineage fate-mapping experiments reveal that cells
expressing markers of AT1 and AT?2 cells are rare, proliferate at a
lower level than specified AT1 or AT2 precursors, and are akin to
a developmental residual cell type that may lag in its differentiation
state. Our data combining single-cell expression analyses, clonal
lineage tracing, and a dual recombinase lineage-tracing allele re-
veal an alternative program of early lineage specification and
differentiation in alveolar epithelial development coincident
with the early major patterning events of lung development.

Results

Early SFTPC* and HOPX* Cells Are the Predominant Contributors to
Alveolar Epithelial Development. Our previous data uncovered a
sublineage of AT2s marked by active Wnt signaling (22). Sur-
prisingly, cell fate mapping of this lineage indicated that this
population gave rise to predominantly the AT2 lineage during
sacculation, with only very rare AT1 progeny. Thus, we asked
whether this was a characteristic specific to this lineage or if
alveolar lineage specification programs are established much
earlier in development. To assess this, we determined the rela-
tive contribution of AT1 and AT?2 progenitor cells to the mature
AT1 and AT2 lineages by using established AT1- and AT2-
specific promoter-driven inducible Cre recombinases, Hopx““*RT
and Sfipc<ERT? (23-27). We first assessed tamoxifen-independent
recombination for each of the well established Cre recombinases
and confirmed results previously reported in lung and other organs
(23, 28, 29). Recombination was induced in Hopx“"“**T:R265¥"™"
and SfipcC“ERT2:R265YT mice at E15.5 and E17.5, and animals
were collected at the end of alveolarization at postnatal day (P)
30 and subsequently assessed with one of two ATI1-specific
markers (AQP5 and HOPX) and the canonical AT2 marker
SFTPC. Quantification of more than 1,000 individual cells
revealed that 84% of the HOPX™" cells marked at E15.5 were
specified to the AT1 cell lineage whereas 95% of the SFTPC*
cells were specified to the AT2 lineage at this time (Fig. 1 A-F
and SI Appendix, Fig. S1 A-F). By E17.5, 92% of HOPX™" cells
and more than 98% of SFTPC™ cells were specified to the
AT1 or AT?2 lineages, respectively. We also performed short-
term lineage tracing analysis; pregnant dams were induced with
tamoxifen at E15.5, and embryos were analyzed at E17.5. In
comparison with long-term labeling, we saw nearly equivalent
results with the 48-h lineage tracing and confirming the fidelity
of these alleles (SI Appendix, Fig. S1 G-I). Furthermore, we saw
no specific pattern of specification in tiled images of whole lung
lobes from these experiments (SI Appendix, Fig. S1 J and K).
These data suggest that the vast majority of HOPX"' and
SFTPC" epithelial progenitor cells are specified to an AT1 or
AT?2 fate, respectively, before sacculation.

To define the clonal expansion of these specified AT1 and
AT?2 precursors, we performed lineage-tracing experiments by
using low doses of tamoxifen and R26"""** or the multicolor
genetic reporter R26V¥1+ (23, 30). SfipcCreERT2/+: RogConetti+
pregnant dams were injected with a single dose of tamoxifen at
E17.5, and animals were analyzed at P30. We scored the com-
position of clones by reconstructing stacks of confocal micro-
scope images to ensure we scored clones fully extending into the
x-y—z planes. Multicellular clones were almost completely com-
posed of AT2, SFTPC* cells (n = 42 clones), with only a single
AT1 clone observed (Fig. 1 G-I). In addition, the majority of
clones were unicellular and AT2 (n = 92). We did not detect any
clones that were a combination of AT1 and AT2 cells. On av-
erage, multicellular clones derived from the Sftpc™ lineage were
composed of 1.4 cells (SI Appendix, Fig. S1 L and M). As the
Hopx“™“ERT line inefficiently recombines the stop cassette in the
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R26°°¥" Jine, Hopx“"*ERT:R26"YTF pregnant dams were injected
with a single limiting dose of tamoxifen at E17.5, and animals
were also analyzed at P30. Of the 39 multicellular clones an-
alyzed, 85% were composed entirely of AT1 cells and 5% were
composed entirely of AT2 cells (Fig. 1 J-L). The remaining
clones were composed of combinations of AT1 and AT?2 cells.
Multicellular clones arising from the Hopx™ lineage were
composed of an average of 1.4 cells (SI Appendix, Fig. S1 L and
M). Together, these data suggest that the vast majority of
specification to the AT1 and AT2 cell fate occurs pre-
sacculation and is marked by early expression of Hopx and
Sftpc, respectively.

Assessment of Alveolar Epithelial Cell Lineage Specification in Early
Lung Development. During lung development, Id2 and Sox9 mark
distal lung endoderm progenitor cells, and lineage tracing studies
that used Sox9<"“*R72 or [d2*ERT2 g]leles suggest that distal lung
tip progenitor cells give rise to AT1 and AT?2 cells after E13.5 (6,
7, 27). To focus on the development of these distal alveolar
endoderm progenitors, we emjplo}/ed a clonal cell fate-mapping
strategy by using the R26“/* multicolor genetic reporter
assay to assess when distal endodermal progenitor cells are
specified to their respective fates. By using an inducible cre
recombinase driven by the Id2 gene (Id2<“*%?) combined with
R26RC°"" we labeled individual cells at various time points
during early lung development with low doses of tamoxifen and
analyzed multicellular clones at PO (6, 31). Assessment of clones
in cryosectioned optimal cutting temperature (OCT) compound-
embedded tissue from 1d2C°ERT2:R26ROV¥" embryos revealed
that they were composed of AT1s, AT2s, or a mixture of AT1s
and AT2s (SI Appendix, Fig. S2 A-L). More than 50% of the
cells marked by Id2**R"2 at E13.5 gave rise to clones composed
of exclusively AT1 or AT2 cells (53% of 56 clones; SI Appendix,
Fig. S2 A-F and M), and 75% of E15.5 Id2-labeled cells gave rise
to AT1 or AT2 cells exclusively at PO (n = 48 clones; SI Ap-
pendix, Fig. S2 G-L and M). 1d2°“**"2Jabeled clone size
resulted in slightly larger AT1/AT2 mixed clones at E13.5, but,
by E15.5, single-lineage and multilineage clones were similar in
size (SI Appendix, Fig. S2N).

To confirm these findings, we took an unbiased clonal cell
fate-mapping strategy that labels all lung endodermal cells.
Previous studies have demonstrated that Nkx2.1* cells give rise
to the entirety of lung epithelium, including the alveolus, and
that Nkx2.1 is continuously expressed throughout the lung epi-
thelium during development (32). These studies have been
interpreted to mean that a multipotent Nkx2.1* cell gives rise to
the multiple cell types of the lung, but, to the best of our
knowledge, a detailed clonal analysis has not yet been reported.
By using an inducible Cre recombinase driven by the Nkx2.1 gene
(Nkx2.19°ERT2) combined with the Rosa26 Confetti reporter
(R26RC°"*!") we labeled individual cells at E13.5 and E15.5 with
low doses of tamoxifen and again analyzed multicellular clones at
PO (Fig. 2 and SI Appendix, Fig. S3 A-I) (31, 33). In this set of
experiments, we used thicker sections than for the Id2¢**R72
experiments to capture the entire clone size where possible (Fig.
2 A-F and SI Appendix, Fi% S3G). As expected with the use of
this technique, Nkx2.1“ERI2.Ro6RC! clones were larger than
observed in the Id2°"FRT2:R26RC"" embryos. Despite these
size differences, we still observed clones comprised of a single
alveolar epithelial lineage (AT1 or AT2) at E13.5 (n = 44 clones;
Fig. 2 A-C and G). By E15.5, 70% of the Nkx2.1<*R72;
R26R“°¥"_derived clones in the lung alveolus were composed
exclusively of AT1 or AT2 cells (n = 46 clones; Fig. 2 D-G). In
addition, confirmation of alveolar cellular identity depicted via
positive or negative SFTPC expression was performed on 16-pm
paraffin-embedded sections with antibodies specific for fluores-
cent proteins, SFTPC, and AQPS5 (SI Appendix, Fig. S3 A-F). We
also assessed absolute cell numbers in clones. At E13.5, mixed
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Fig. 1.

Lineage tracing of alveolar progenitors reveals early lineage commitment. (A and B) Sftpc“ER™2:R26REY* pregnant dams were injected with ta-

moxifen at E15.5 (A) or E17.5 (B), and animals were analyzed at P30. Tissue was stained for YFP, AQP5, and SFTPC. Cells highlighted by arrows are magnified in
the Insets, and are examples of rare lineage-traced cells expressing AQP5. (C) Quantification of lineage tracing displaying percentage of lineage-traced cells
that were AT1 (HOPX™) or AT2 (SFTPC*) cells (n > 1,300 cells quantified at each time point). (D and E) Hopx“"*cR":R26REY** pregnant dams were injected with
tamoxifen at E15.5 (D) or E17.5 (E), and animals were analyzed at P30. Tissue was stained for YFP, AQP5, and SFTPC. Cells highlighted by arrows are magnified
in the Insets, and are examples of rare lineage-traced cells expressing SFTPC. (F) Quantification of lineage tracing displaying percentage of lineage-traced cells
that were AT1 (HOPX™) or AT2 (SFTPCY) cells (n > 460 cells quantified at each time point). (G and H) SftpcC’eERTZ:R26RC°”fe"' pregnant dams were injected with
tamoxifen at E17.5, and embryos were analyzed at PO. (G) YFP* clone of AT2 cells (marked by Sftpc) and (H) RFP* clone of AT1 cells. (/) Quantification of clonal
analysis (n = 43 clones). (J-K) Hopx“"*ERT:R26REYF pregnant dams were injected with tamoxifen at E17.5, and animals were analyzed at PO. Tissue was stained
with SFTPC and AQP5. Clones marked by YFP composed of AT2 SFTPC* cells are shown (highlighted in box and magnified in Insets). (L) Quantification of clonal
analysis [n = 41 multicellular clones; *P < 0.05, **P < 0.01, and ****P < 0.0001 by two-tailed t test (C, F, horizontal and vertical bars) or ANOVA (/ and L)]. [Scale

bars: A, B, D, and E, 50 um; J and K, 25 um; and G, H, A (Inset), B (Inset), D (Inset), E (Inset), J (Inset), and K (Inset), 10 um.]

AT1/AT?2 clones contained a higher number of cells than AT2-
or AT1-only clones, and this difference was significantly reduced
by E15.5, possibly reflecting a significant reduction in pro-
liferation of multilineage clones between these two time points
(Fig. 2H). As immunostaining of thick sections is less efficient,
which could lead to a loss of staining for some cells, we used a
slightly less stringent clonal composition of greater than or equal
to 90% AT1-only or AT2-only cells to quantify clonal composi-
tion. This analysis reveals that 46% of Nkx2-1* cells give rise to a
single lineage (>90%) by E13.5 (SI Appendix, Fig. S3H). This
analysis also shows that clone sizes were similar between mixed
AT1/AT2 and AT2-only clones, but both of these were larger

4364 | www.pnas.org/cgi/doi/10.1073/pnas.1813952116

than the ATl1-only clones (SI Appendix, Fig. S3I). Taken to-
gether, these clonal fate-mapping studies indicate that many
Nkx2-1 and 1d2 cells undergo lineage specification into AT1 or
AT?2 cells by E13.5, earlier than previously appreciated (20, 21).

These data raised the possibility that a surprising number of
Nkx2-1* lung endodermal progenitors are committed to a fate by
E13.5. Given this finding, we assessed fate at an earlier time
point in lung development to examine temporal acquisition of
cell-specific alveolar fate. Similar to previous studies on early
lung endoderm, cells labeled at E11.5 gave rise to clones of diverse
composition, including proximal and distal cell fates (SI Appendix,
Fig. S3 J and K) (6). Although we did identify alveolar-only

Frank et al.


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1813952116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1813952116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1813952116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1813952116/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1813952116

AT1 only

)

100

AT2 only

AT1+AT2

T

Multi- e g B AT1+AT2
lineage ® ®
& 80 Multi- 30% o 2 mATA only
= lineage 5 % [0 AT2 only
» 60 64% Y ®
c = =
3 40 Specified g §
S pecifie s =
o 70% 5 °
X 20 Specified 2 -g
34% g =
2 P4
Tam at Tam at Tam at Tam at
E13.5 E15.5 E13.5 E15.5

Fig. 2. Clonal lineage tracing of Nkx2-1* lung embryonic alveolar progenitors in thick sections. (A-C) Nkx2.1<"¢ER72:R26R% et pregnant dams were injected
with tamoxifen at E13.5, and embryos were analyzed at PO. Analysis revealed single color clones of cells composed of AT1 cells (A), AT2 cells (B), or both cell
types (C). (D-F) Nkx2.1"ERT2.r26R et pregnant dams were injected with tamoxifen at E15.5, and embryos were analyzed at PO (E). Alveolar epithelial
clones comprising AT1 cells (D), AT2 cells (E), and both cell types were identified (F). Histology on 150-pm tissue sections counterstained with SFTPC, processed
for colocalization with fluorescent proteins, 3D surface-rendering using Imaris, and represented in images as SFTPC colocalization in teal/gray color. Cells were
manually highlighted and marked as AT2 cells if they expressed SFTPC and AT1 cells if they did not. (G and H) Quantification of clonal analysis including clone
composition and clone size of Nkx2.1* cells at E13.5 and E15.5 (n = 46 and n = 44 clones, respectively). Mixed AT1/AT2 clones include any combination less

than 100% pure AT1- or AT2-only clones. (Scale bars, A-F, 10 um.)

lineage-containing clones, these clones were generally a mixed
population of AT1 and AT2, and these experiments suggest that
the lung endoderm is comprised of oligopotent progenitors at
this early stage (SI Appendix, Fig. S3 L and M). Together, these
data suggest that alveolar epithelial lineage specification occurs
as early as E13.5.

Alveolar Epithelial Lineage Specification Coincides with Axial Patterning
of the Lung Endoderm. To better define the relationship of alveolar
lineage specification to axial or proximal-distal patterning, we
compared HOPX and SFTPC expression vs. the early proximal and
distal progenitor cell markers SOX2 and SOXO9, respectively.
HOPX expression delineates two domains within the lung bud at
E15.5, a proximal HOPX*/SOX2* population and a region of

Frank et al.

HOPX*/SOX97/SOX2~ expression in the stalk of the lung bud
adjacent and just proximal to the SFTPC-expressing domain (Fig. 3
A-C). In contrast, SFTPC expression is generally confined to the
SOX9* progenitor compartments with little overlap between
SFTPC and HOPX in the SOX9™* distal tip at E15.5 (Fig. 3 B and C
and SI Appendix, Fig. S44). A similar but more restricted pattern
occurs at E17.5. HOPX expression is confined to the area of the
stalk with very little overlap with SOX2 and SFTPC (Fig. 3 D and
E). Quantification of single- and mixed-cell lineage numbers
expressing HOPX or SFTPC was also performed. At E15.5, only
7% of cells express HOPX and SFTPC, with equal numbers of
SFTPC*-only and HOPX*-only cells (Fig. 3F). Although there are
rare HOPX*/SFTPC* cells in the distal region of the airways at
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marked by blue and white dashed lines, respectively. White arrow indicates rare cell expressing Hopx and Sftpc protein and mRNA. (J and K) E15.5 lung tissue stained with
SFTPC, HOPX, and Edu. Animals were injected with Edu (50 mg/kg) 4 h before euthanasia (3D resconstruction images). The developing alveoli are outlined with the dotted
line. Blue represents cells expressing HOPX, gray represents cells expressing Sftpc, and red indicates cells marked by SFTPC and HOPX. (L) Quantification of percentage of in-
dicated cells that were Edu™ at indicated time points (n > 1,800 cells quantified at each time point; *P < 0.05, **P < 0.01, and ****P < 0.0001 by ANOVA). (Scale bars, 10 pm.)
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E17.5 (less than 2%), the vast majority of the distal tip cells are
exclusively SFTPC*.

A previous study identified a prevalent population of bipotent
alveolar cells based on single-cell RNA sequencing (scRNA-seq)
(21). However, recent studies indicate that the abundance of
mRNA transcripts and protein expression do not always corre-
late, especially at the single-cell level (34, 35). Therefore, we
characterized the simultaneous expression of protein and mRNA
of Hopx and Sftpc during alveolar epithelial cell specification.
We performed RNA FISH combined with protein immunohis-
tochemistry on tissue sections to colocalize Hopx and Sfipc
mRNA and HOPX and SFTPC protein. We first confirmed
specificity of RNA FISH probes in WT and KO tissue (SI Ap-
pendix, Fig. S4 B-F). At E15.5, Hopx is expressed primarily in the
stalk region, with reduced expression in the distal tip, where Sfipc
is most abundant (SI Appendix, Fig. S4 F-H). However, HOPX
protein is almost completely restricted to the stalks of the lung
bud at this time. By E17.5, Sftpc transcript and SFTPC protein
are confined to the distal tip cells, with only a few rare SFTPC/
HOPX-coexpressing cells confined to the more proximal stalk
region (Fig. 3 G-I). Hopx transcript and protein are highly cor-
related and expressed in the stalk region at this stage, with rare
Hopx/HOPX expression noted in a few Sftpc* cells in the very
distal bud of the stalk.

To determine whether there is preferential cell proliferation in
such rare SFTPC*/HOPX" cells compared with SFTPC*- or
HOPX™ only cells, we also performed EdU incorporation assays
to quantify the number of cells undergoing DNA synthesis and
thus cell proliferation. We compared the total number of
HOPX", SFTPC*, and SFTPCY/HOPX" cells within the distal
airways at multiple time points across development and com-
pared this vs. the EdU-defined proliferation rate of these cell
types (Fig. 3J-L and SI Appendix, Fig. S4 I-R). We detected rare
SFTPC* HOPX™ cells, which were labeled by Edu at E15.5,
whereas labeled SFTPC* or HOPX™ cells were readily observed.
SFTPC*/HOPX™ cells diminish rapidly, such that by E18.5 they
represent less than 1% of the total developing alveolar epithe-
lium. As expected, proliferation rates in all three cell types were
highest at E15.5, with the SFTPC* cells exhibiting a slight in-
crease during postnatal alveolarization as previously reported
(22). However, at all time points examined, the proliferation rate
for SFTPC*/HOPX™ cells was lower than that for SFTPC™ cells.
These data indicate that SFTPC*/HOPX* putative bilineage
cells exist but likely represent a very small minority population
compared with specified AT1 (HOPX") or AT2 (SFTPC")
lineages, and they do not preferentially proliferate compared
with these specified lineages.

Single-Cell Transcriptome Reveals Decreasing Heterogeneity and
Increasing Lineage Specification During Alveolar Epithelial
Development. Our clonal analysis suggests a heterogeneous pool
of NKX2-1*/ID2* endoderm progenitor cells in early lung de-
velopment that are progressively specified to specific alveolar
epithelial lineages between E11.5 and E13.5, a process that is
mostly complete by E17.5. To further delineate this heterogeneity
and characterize endoderm heterogeneity at the time the bipotent
cell population is reported to exist, we examined the totality of
lung endoderm by using scRNA-seq transcriptome analysis of
Nkx2-19FF* cells at E17.5. scRNA-seq analysis has been used to
assess heterogeneity and assign subpopulation relationships in
multipotent progenitor and differentiated cell populations (14, 15,
17-19, 21, 36, 37). A total of 7,106 isolated NKX2.1* cells were
subjected to scRNA-seq analysis by using the in-drop/10x Geno-
mics method (38). By using graph-based clustering, we identified
11 distinct clusters at E17.5 and visualized the results using
t-distributed stochastic neighbor embedding (tSNE; Fig. 44).
Most of these clusters could be readily assigned to known epi-
thelial cell lineages, including AT1, AT2, multiciliated epithelial
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cells, secretory epithelial cells, and neuroendocrine cells. Also
included in this clustering algorithm were a cluster of presumably
contaminating endothelial cells, a cluster representing proliferat-
ing cells across different cell types, and a cluster exhibiting a stress
response that was also represented across different cell types (Fig.
44 and SI Appendix, Fig. SS5). The stress-induced and proliferation
clusters express slightly higher levels of AT1 but not AT2 markers.
The proliferation and stress-induced clusters were not used in
further analysis because of their specialized gene-expression pro-
gram. Hierarchical clustering of the differentially expressed genes
revealed clear differences between different clusters, representing
the different epithelial cell lineages in the lung at E17.5 (Fig. 4B).
Classifying clusters based on statistically significant enrichment for
known marker genes of AT1 and AT2 cells, we identified four
clusters likely representing AT1 or AT2 cells at differing levels of
differentiation (Fig. 4 4, C, and D and SI Appendix, Fig. S5).
Based on differential gene expression and levels of expression of
genes in differentiated alveolar cell types, we further classified
these as likely representing AT1 precursor cells (cluster 1), AT1
cells (cluster 2), AT2 precursor cells (cluster 3), and AT2 cells
(cluster 4). If our cluster assignment was correct, cells should
order themselves in a pseudotime analysis reflecting precursor
cell specification into differentiated cell types. Therefore, we
analyzed our single-cell transcriptome data by using Monocle2
(39), and indeed cells ordered themselves as predicted by our
clusters. These analyses also suggested that the AT1 and AT1-
precursor cluster and the AT2 and AT2-precursor clusters
exhibited distinct and unique states (Fig. 4 E and F). This was
supported by enhanced expression of genes known to be highly
expressed in more mature or differentiated AT2 cells, such as
Sftpal, Sftpb, and Lamp3 for AT2 cells and Agp5 for more
mature AT1 cells (Fig. 4 C and D). Although there is some gene
expression overlap of AT1 and AT2 markers across the various
cell clusters, these data are consistent with our lineage-tracing
studies and demonstrate that the cells exhibiting an AT1 or
AT?2 gene-expression program are specified to their respective
fates by E17.5 based on scRNA-seq analysis.

A Dual-Lineage Tracing System Reveals That HOPX/SFTPC* Cells Do
Not Significantly Contribute to Formation of the Lung Alveolus. Our
data suggest that cells expressing SFTPC and HOPX are rare,
have limited proliferation potential, and do not significantly
contribute toward alveolar epithelial cell differentiation. To
further validate this concept, we developed and employed a dual-
lineage tracing approach to define the fate of cells expressing
markers of the AT1 (HOPX) and AT2 (SFTPC) cell lineages.
We combined an allele expressing a tamoxifen-inducible Cre
recombinase under control of the Sfipc promoter (Sfipc<““R7?)
and a new allele expressing a tamoxifen-inducible codon-optimized
version of Flp recombinase under the control of the Hopx promoter
(Hopx™°ERT'+, Fig. 54). We confirmed activity of both of these
alleles by using traditional Cre and Flp-dependent TdTomato
lineage reporters (Fig. 5 B and C). Both of these mouse lines were
then crossed into a reporter line harboring a Cre and Flp dual-
dependent TdTomato cassette (R267CFL-7@7om) " \whereby TdTo-
mato expression occurs only in the presence of two simultaneously
active promoters driving both Cre and Flp recombinase (40). Mice
injected with corn oil did not exhibit any lineage tracing. We in-
duced pregnant dams at E15.5 with tamoxifen and analyzed lungs at
PO (Fig. 5D). We found scattered clones largely composed of one to
three cells, in accord with the aforementioned proliferation data
(Fig. 5 E-G). Consistent with the relative small contribution of
double-labeled cells, we isolated Nkx2-1°FF* cells at E15.5 and
observed that 21.1% were Sfipc*, 14.2% were Hopx™, and 4.6%
were Sfipct Hopx* (SI Appendix, Fig. S6). Approximately 63% of
these multicellular clones in our dual-lineage tracing experiments
were composed of only AT1 or AT2 cells, with 37% of clones
composed of both AT1 and AT?2 cells (n = 32; Fig. 5H). Although
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Fig. 4. Single-cell transcriptome data demonstrate that the AT1 and AT2 cell fates are specified by E17.5. (A) tSNE plot of 7,106 Nkx2.1* cells from E17.5 lungs
revealing 11 distinct clusters. Each cluster marks a distinct cell type as shown. (B) Heat map of the top differentially expressed genes showing distinct gene
expression signatures in each of the 11 clusters. (C) Violin gene-expression plots for five of the AT1 differentially expressed genes across all of the 11 clusters as
defined under tSNE plot. (D) Violin gene-expression plots for five of the AT2 differentially expressed genes across all of the 11 clusters as defined under tSNE
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precursor stage in the upper left branch.

4368 | www.pnas.org/cgi/doi/10.1073/pnas.1813952116 Frank et al.


https://www.pnas.org/cgi/doi/10.1073/pnas.1813952116

L T

/

D\

A

Hopx
r Tam Analyze
X [Rosa26-CAGI—{sTOP—<{sTOP|« iHioHaE —» |—|y
Sfipc ry < 8 Q E15.5 PO
: S+ F
& & U

IpPOERT/+ » CreERT2
HopxFIPOERT/+:R26RTdTom/+ SftchreERTZ:R26RTdTom/+ Hopx:FR26RCF.L§'5£opmc/+

..

HO p xFIpOERT: Sftp cCreERTZ: R 26RCFL-Td Tom/+

Il AT1+AT2
[l AT1 only
H [0 AT2 only

100
Multilineage
80 0
37%
2
2 60
o
© .
5 40 Specified
2 63%
. . Hopx+
branching morphogenesis , Sftpc+
! ! Proximal Stalk Distal
proximal-distal patterning Sox2+ Hopx+ Sftpc+/Sox9+
I ] [ ] [ J11 ]
I 1 I 1 r gl 1
E9.5 E11.5 E13.5 E15.5 E17.5 P0-P30
| | | | | |
| | | | | |
P @
L — @l
(@) © e /
Multi-potent Specification
progenitor
Nkx2-1+ Sftpc+ Nkx2-1+ Hopx+ AT2 AT
@Nkx2-1+ @ specified AT2 @ specified AT1 . (Sftpc+) J(Hopxﬂ AT1 AT2
progenitor progenitor

Fig. 5. Dual-lineage tracing demonstrates minimal contribution of Hopx*/Sftpc* bilineage cells. (A) Schema of dual-lineage tracing using the R267¢--7@Tom
allele. (B) HopxPeERT!+:R26RT@To™+ pregnant dams were injected with tamoxifen at E15.5, and animals were analyzed at PO; lineage-traced RFP* cells are
shown. Of note, the R26RRF-TdTom/+ |ineage reporter used in this experiment had previously been bred to a CMV-Cre mouse to excise the floxed cassette to
generate an flp-only RFP reporter. (C) Sftpc“®£R72:R26R7¥™°™ pregnant dams were injected with tamoxifen at E15.5, and animals were analyzed at PO; lineage-
traced RFP™ cells are shown. (D) Hopx"POERT: SftpcreERT2: R2GRRCFL-TATOm bregnant dams were injected with tamoxifen at E15.5, and animals were analyzed at
PO. (E and G) Clones of AT1 cells (E), AT2 cells (F), and both AT1 and AT2 cells (G) were identified when sections from Hopx PR+ SftpcreERT2. R2gRRCFL-TdTom
were stained with RFP, AQP5, and SFTPC. (H) Quantification of clone identity (n = 45 clones). (/) Model illustrating early specification of alveolar epithelial
progenitors (*P < 0.05 by two-tailed t test). (Scale bars: B-D, 50 pm; E-G, 10 um.)

Frank et al. PNAS | March5,2019 | vol. 116 | no. 10 | 4369

DEVELOPMENTAL

BIOLOGY



L T

/

1\

=y

this dual-recombinase system cannot be directly compared with
single cre recombinase lineage tracing systems as described here
earlier, the finding that 37% of this rare population can generate
both AT1 and AT2 cells is consistent with the data shown in Fig. 1.
These data indicate that the vast majority of AT1 and AT2 cells are
specified by E15.5 and that cells expressing both HOPX and SFTPC
contribute to only a small minority of cells within the mature al-
veolus (Fig. 5I).

Discussion

The timing and extent of lineage specification can affect multiple
aspects of tissue development and regeneration. Our data reveal
that lung alveolar epithelial cell specification occurs remarkably
early in development, coincident with major organ patterning
processes such as proximal-distal axial patterning and branching
morphogenesis of the airways. By using clonal and dual-recombinase
reporter systems combined with cell-specific RNA and protein
expression and scRNA-seq analysis, we reveal that this early spec-
ification occurs within a heterogeneous population of NKX2-1*
alveolar epithelial progenitors. Our studies demonstrate a re-
markable level of endodermal heterogeneity during critical times
of alveolar development, with a mixture of multipotent pro-
genitor cells, specified progenitor cells, and differentiated cells.
Although there are limits to our dual-recombinase strategy, the
relative minimal contribution of SFTPC*/HOPX™" cells at mul-
tiple time points suggest that alveolar epithelial lineages arise
largely from a unilineage-primed progenitor cell rather than
multi-, oligo-, or bilineage progenitor cells.

Recent single-cell analyses in the hematopoietic system and
cardiac development have demonstrated extensive heterogeneity
of progenitor pools and the existence of lineage-restricted pro-
genitors (13-16, 41), revising our understanding of progressive
lineage restriction in tissue development. For instance, pio-
neering studies using embryonic stem cell (ESC) differentiation
strategies identified multipotent progenitors during cardiac de-
velopment (42-45). However, more recent studies using in-
ducible lineage-tracing approaches in vivo have found that the
heart arises largely from unipotent and oligopotent progenitors
(46, 47). Likewise, sophisticated lineage-tracing studies employed
during hematopoietic development and maintenance point to a
similar paradigm (15).

The differences observed between the in vitro systems and in
vivo studies may be rooted in cellular competence, including the
ability of a cell to specifically and dynamically respond to an
inductive cue (48, 49). As described here earlier, even though
ESC differentiation studies suggest that progenitor cells, outside
of their native context, are competent to differentiate into mul-
tiple cardiac cell types, this lineage plasticity is far more con-
strained in vivo. A similar paradigm has been observed in skin
and hair follicle differentiation. Lrig" cells give rise to inter-
follicular epidermis and sebaceous glands in vivo, but, upon
transplantation, are competent to give rise to all of the epidermal
lineages (50). Context-dependent regulation of cellular plasticity
and fate has also been observed in previous studies of lung ep-
ithelial differentiation. In the setting of severe injury in in vivo
models and ESC differentiation studies in 2D models, alveolar
cells gain plasticity and the ability to differentiate into AT1 and
AT?2 lineages (24, 30, 51-54). However, in more native niches of
in vivo lung development and in vitro human ESC differentiation
into 3D lung alveolar epithelial cell organoids, alveolar epithelial
cells are largely lineage-restricted (22, 53). Importantly, SFETPC*
/HOPX™ cells do not exhibit a higher level of proliferation after
E15.5 compared with cells expressing only a single lineage
marker. This indicates that such bipotent cells are unlikely to
populate the developing alveolus over the more unipotent cells.

Recognizing the limitations of any recombinase-based lineage
tracing system, including potential unforeseen bias in cells which
are labeled, our data support a similar program in which a sig-
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nificant number of NKX2-1" multipotent endodermal pro-
genitor cells are primed toward a particular alveolar cell fate
early in development. It will be interesting to apply emerging
unbiased barcoding strategies to lineage trace all cells in vivo,
circumventing bias in existing lineage tracing approaches (55).
Sequential barcoding strategies, building on a recently published
CellTag strategy, could provide an understanding of whether
waves of specification and differentiation occur (56). However, it
will be important to pair these approaches with assays that do not
lose spatial-resolution information of derived cells. Regardless,
these results reinforce the importance of defining the molecular
determinants of lineage specification. A particularly exciting
area of research is how mechanical forces influence cell dif-
ferentiation. Recently, it has been shown that mechanical forces
promote the AT1 differentiation, whereas AT2 progenitors are
shielded from these forces by a niche cell (57). It will be im-
portant to determine if and how mechanical forces induce
specification of cell type as opposed to reinforcing cell fate,
again highlighting the importance of understanding the mech-
anisms underlying cellular competence. Such mechanical forces
may also help explain how AT1 and AT2 cells migrate into
and intermix within the mature alveolus even though they are
initially specified in different zones of the distal branching
airways.

We propose a paradigm for alveolar cell commitment in which
specific cell fates are initiated early in NKX2-1*/ID2* endo-
dermal progenitors coincident with proximal-distal patterning
and branching morphogenesis of the endoderm. Spatial segre-
gation of AT1 and AT2 precursors exists throughout early lung
development, with most AT2 cells arising from the highly pro-
liferative SOX9* most distal tip endodermal population and
AT1 cells from a region just proximal to this in the stalk of the
lung bud. The small number of bilineage AT1/AT2 cells that
exist between these two regions may represent residual un-
differentiated progenitor cells, which progressively differentiate
during development and do not contribute in a significant
manner to mature alveolar epithelial lineages.

Materials and Methods

Animals. Nkx2.1°ERT2 (33), |d2€"°ERT2 (6), Nkx2.1°F (38), Hopx“®ERT (24),
SftpccreERTZ (23)' SOXZCreERTZ (58), R26REYFP (59)’ RZGRConfetti (31)’ and
R26RFL-TITom (40) mice have been previously described. All animal studies
were completed under the guidance of the University of Pennsylvania In-
stitutional Animal Care and Use Committee.

Lineage Tracing. To induce recombination, a solution consisting of tamoxifen
(Sigma) dissolved in 100% ethanol and diluted with corn oil (Sigma) fora 10%
ethanol:corn oil:tamoxifen mixture at 20 mg/mL was used. Pregnant dams
were injected i.p. with limiting doses of the tamoxifen mixture dependent on
the efficiency of each inducible Cre and reporter mouse line. The R26R°"ett!
allele combined with Nkx2.7<ERT2 |d2CeERT2 and Sftpc<™®ER™ mice were in-
jected with 10 pg/g, 25 pg/g, and 5 ug/g per mouse, respectively. The R26REY
or R26R™T°mat gllele crossed with the Sftpc“™*fR™2 or Hopx“ERT mice were
administered 100 pg/g per mouse. Dosing for clonal analysis in the Hopx“fR":
R26REYF mouse was 50 pg/g given to pregnant dams. Recombination in the
Hopx"POERT2! 5 1nCreERT2: R2GRTATO™ mice was induced by using 100 pg/g.
SI Appendix includes further description of study materials and methods.
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