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Introduction

Fourteen years ago, Kim et al. (1) reported the existence 
of bronchioalveolar stem cells (BASCs) in the lung. 
These cells expressed both secretoglobin family 1A 
member 1 (Scgb1a1) and surfactant protein c (Sftpc), the 
differentiation marker of club cells and alveolar epithelial 
type 2 cells, respectively. The recent lineage tracing of 
these cells from the Zhou lab using an elegant genetic 
approach to permanently express a fluorescent marker in 
these double positive cells, demonstrated that these cells 
are indeed capable of self-renewing and of differentiating 
into either bronchiolar or alveolar epithelial cells upon 
injury, in vivo (2). This work is a large step forward in the 
lung field, demonstrating the biological relevance of the 
BASCs in the context of regeneration. This work opens 
the way to elucidating the basic mechanisms controlling 
the proliferation and differentiation processes at work 
in BASCs during repair after injury. It will also facilitate 
a better appreciation of the importance of these cells 
compared to other epithelial stem cells in the distal lung, 
such as alveolar type 2 (AT2) cells, the variant of club 
cells, or the lineage negative epithelial progenitor cells 
(expressing α6β4 integrin). 

BASCs are critical for both cancer and 
regeneration 

In 2005, Kim et al. proposed that stem cells expressing both 
Scgb1a1 and Sftpc, located at the bronchioalveolar duct 
junction (BADJ) could give rise to adenocarcinomas (1).  
These stem cells can be enriched by FACS on the basis 
of Sftpc, Scgb1a1, Sca1, and CD34 expression (as well as 
negative for CD31 and CD45) and self-renewed as well 
as differentiated (into club and alveolar cells) in vitro. 
Expression of oncogenic protein K-ras in these cells 
drastically enhanced their proliferation (3). As BASCs 
display self-renewal capabilities, acquisition of deleterious 
mutations in these cells could lead to tumor formation. 
Therefore, it was proposed that these cells could give rise 
to cancer stem cells. Interestingly, these cells often retain 
the differentiation markers of the primary tumor. Now 
that the lineage tracing of these cells has been achieved, 
the impact of activating oncogenes in these cells should be 
easily investigated. It was also reported that both human 
and murine lung tumor cells, transferred via intratracheal 
injection into the lung, led to secondary tumors that grew 
selectively in the BADJ (4).

In the context of lung regeneration, two models were 
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used in the Liu et al. study (2). First, a single naphthalene 
intraperitoneal injection was used to trigger the ablation 
of all club cells (expressing high levels of cytP450), except 
for the variant of club cells (which expresses low levels 
of cytP450), lining the bronchial surface and terminal 
bronchioles. These survival cells are located close to 
neuroendocrine cells, which are found mostly within the 
large proximal airways and are organized in clusters referred 
to as neuroendocrine bodies (5). Variant of club cells likely 
play a minor role in terminal bronchiole repair, due to the 
fact that the neuroendocrine bodies are quite rare in the 
distal lung. Interestingly, the existence of club cells which 
also expressed Sftpc in the BADJ was already reported 
in 2002 (6). These cells were resistant to naphthalene 
treatment and expanded after injury, suggesting that they 
could be progenitors for both alveolar and bronchiolar cells.

In the second model of lung injury, bleomycin 
intratracheal exposure targeted the alveolar epithelial cells. 
The alveolar epithelium is composed of alveolar type I (AT1) 
and II (AT2) cells. AT2 cells secrete surfactants critical 
for reducing alveolar surface tension, thereby preventing 
the collapse of alveoli, whereas the flattened AT1 cells are 
instrumental in facilitating gas exchange between the blood 
and the air inside the lung. Numerous stromal cells are also 
present in the lung, and these cells are likely to support the 
different epithelial stem cells described therein, including 
the BASCs. 

Use of a dual-recombinase genetic model to 
target the BASCs

The Zhou lab made elegant use of the previously described 
inducible Dre-ERT2 and Cre-ERT2 recombinases to 
lineage-label the BASCs. For this purpose, they generated 
a new Sftpc-DreERT2 line, and a new knock-in reporter 
line. These tools enabled, after combined Cre (driven by 
the previously described Scgb1a1-CreERT2 mice) and 
Dre activity, to constitutively express, from the Rosa26 
promoter, a fluorescent reporter. 

Cre and FLP are two tyrosine site-specific recombinases 
(SSRs) commonly used to recombine genomic DNA 
in vivo, and have become essential tools for biological 
research. While there are many options available for Cre-
mediated lineage analyses, fewer options exist which use 
FLP recombinase; whereas tools employing the other 
SSRs are relatively rare. A report from the Stewart 

lab demonstrated that a new recombinase, called Dre, 
specifically recognized rox sites (in the same way Cre 
recognizes loxP sites) (7). Another improvement occurred 
when the Dre was fused to the mutant estrogen receptor 
ERT2, allowing Dre regulation in a cell specific and 
temporal fashion (8).

The arsenal of SSRs is therefore expanding: first the 
Cre, then the FLP, and now the Dre as well as Vika. These 
recombinases recognize specific sites on the DNA (loxP, 
frt, rox, and vox, respectively) (Figure 1A). Interestingly, a 
polyvalent single reporter mouse line, which responds to 
the activity of each of these different recombinases, was 
recently reported, and will likely be instrumental as other 
mouse models are developed (9). 

While it is a welcomed improvement to be able to label 
cells based on the expression of two markers, we potentially 
have a more powerful tool at our disposal to specifically 
label cells in vivo based on the expression of four markers. A 
new reporter line containing, for example, successive loxP-
STOP-loxP, frt-STOP-frt, rox-STOP-rox, vox-STOP-
vox cassettes proceeding a fluorescent marker could be 
generated (Figure 1B). For lineage tracing experiments, 
the fluorescent marker would be activated in only those 
very specific cells expressing the four recombinases. 
More importantly, powerful experimental models can be 
developed using multi-driver recombination to functionally 
activate or remove genes in targeted cells. As the majority 
of existing conditional alleles are mostly based on the Cre-
loxP system, a superb approach would be to generate a 
Rosa26-based knock-in mouse with frt-STOP-frt, rox-
STOP-rox, vox-STOP-vox cassettes preceding a CreERT2 
and fluorescent reporter (Figure 1C). In this way, CreERT2, 
along with a reporter, would be expressed only when the 
three recombinases are present and have recombined their 
respective STOP cassettes. The CreERT2 could then be 
activated to induce DNA recombination (leading to gain 
or loss of function of a specific gene) in a given cell type. 
This technology, which is still in its infancy, is indeed very 
promising.

How similar are the BASCs to multipotent 
epithelial progenitor cells during early lung 
development?

Multipotent lung epithelial cells expressing Id2 and Sox9 
give rise to alveolar and bronchiolar lineages (Figure 2A). 
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Figure 1 Multi-recombinase system to target and label specific cell types. (A) The currently available set of recombinases along with 
their recombination sites. Dre, Flp, and Cre have already been successfully fused with ERT2 to create inducible recombinases, whereas 
an inducible Vika has yet to be produced. (B) A hypothetical reporter knock-in in the Rosa26 locus. Only in cells expressing four markers, 
each of which drives one of the specific recombinases (Dre-ERT2, Flp-ERT2, Cre-ERT2, or Vika-ERT2), will the expression of tdTomato 
be reported after induction. This reporter knock-in could serve as a powerful tool for lineage tracing experiments. (C) A hypothetical 
recombinase knock-in in the Rosa26 locus. Only in cells expressing three markers, each of which drives a specific recombinase (Dre-ERT2, 
Flp-ERT2, or Vika-ERT2), will the expression of Cre-ERT2 and a reporter occur after induction. The Cre-ERT2 can then recombine 
target DNA of interest, functionally activating or removing genes in targeted cells. This system has the potential to target and label cells 
based on three markers in an inducible fashion. #, Vika-ERT2 has yet to be produced.

We have recently found that these cells are dependent upon 
fibroblast growth factor 10 (Fgf10) for the maintenance 
of their differentiation along the alveolar lineage (10)  
(Figure 2B). Upon loss of Fgf10 signaling, these cells acquire 
Sox2 expression, a marker of the bronchiolar lineage. 
Now that a lineage tracing strategy of the BASCs has 
been established, it will be important to determine when, 
during embryonic development, these cells are emerging. 
For example, are these cells emerging from the Sox9 and 
Sftpc-positive alveolar progenitors which acquire, later 
on, Scgb1a1? Or are they emerging from the Sox2 and 
Scgb1a1-positive cells and later acquire Sftpc? Interestingly, 

we have previously demonstrated that in the adult lung, 
the BASCs are amplified when Fgf10 is overexpressed in 
the lung (11), suggesting that these cells could respond to 
Fgf signals [in line with this idea, Liu et al. show that Fgfr2 
expression was upregulated in BASCs, based on the single-
cell RNA sequencing (2)]. It remains to be shown whether 
BASCs specifically express the Fgfr2b isoform, the main 
Fgf10 receptor, which would suggest a direct effect of Fgfs 
on BASCs. Lineage tracing of these cells combined with 
single cell RNA-seq in the context of either naphthalene or 
bleomycin injury will be able to identify the different relevant 
pathways activated in these cells during the repair process. 
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