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May 8, 2018 

 

Masha Gelfand, Ph.D. 

Scientific Editor 

Developmental Cell 

 

Dear Dr. Gelfand, 

 

Please accept the accompanying revised manuscript, entitled “A Fibroblast Growth Factor 20-

expressing, Wnt-responsive progenitor populates the olfactory epithelium and regulates 

turbinate growth”, for consideration for publication in Developmental Cell. The corresponding 

author is David Ornitz, and the material presented is original research and has not been submitted for 

publication elsewhere. All authors have read the manuscript and have approved its submission. 

 

In this revision we have responded to all reviewer comments. We have added a graphical abstract, 

STAR methods and highlights. In addition to modification to the results and discussion, we have 

added several new pieces of experimental data. 

1. We have genetically activated FGF9 expression in the FGF20 lineage in the olfactory 

epithelium and showed a specific effect on proliferation of the underlying mesenchyme. 

2. We have added in situ hybridization for the FGF responsive gene, Dusp6. We show 

decreased expression in Fgf20-null embryos and in βCatenin conditional knockouts. We also 

show increased expression in embryos in which we have activated FGF signaling from the 

olfactory epithelium. 

These new experiments directly address the major critique of reviewers 2 and 3 and firmly establish 

that a primary target of olfactory epithelial FGF signaling is the underlying mesenchyme. 

 

We hope that these additional experiments and our response to the reviewer comments addresses all 

major critiques of the manuscript. We thank you for your consideration of this manuscript for 

publication in Developmental Cell. 

 

Sincerely, 

 

 

David Ornitz    Lu Yang 
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RE: DEVELOPMENTAL-CELL-D-18-00032 
"A Fibroblast Growth Factor 20-expressing, Wnt-responsive progenitor populates the olfactory 
epithelium and regulates turbinate growth" 
 
Reviewer comments: 
 
Reviewer #1: In this study, the authors use olfactory epithelium (OE) to address the mechanism 
of horizontal expansion. The OE is a pseudostratified epithelium which acts as neurosensory 
organ and in which specialized skeletal projections called turbinates are instrumental in giving 
the animal an acute sense of smell. The OE is a polarized structure with neuronal cells and 
odorant receptors lined apically, and basal cells forming the inner lining, giving the organ its 
functionality. Much is known about how progenitor populations from the basal layers expand 
and differentiate to give rise to neuronal structures. However, the mechanism by which the 
epithelial layer expands horizontally and the identity of progenitor populations that mediate such 
an expansion have remained controversial. This manuscript dissects the role of Sox2+/Fgf20+ 
cells at unique regions in the developing epithelia which can act as a supply to support 
expansion of the epithelia not only during embryonic development but also during postnatal life. 
 
The work presented is of very high quality, as is typical for this lab. However, my main concern 
is that the connection with Wnt signaling, while interesting, is unclear. Wnts have been found to 
regulate Fgf20 in other contexts, but it is unclear if FGFs and WNTs are working in the same or 
in a parallel pathway. 
 
Response: 
We show strong in vivo evidence supporting our argument that Wnt/βCat signaling is regulating 
Fgf20 expression. Fgf20 expression is gone in βCat loss-of-function mutants and upregulated in 
βCat-gain-of function mutants. Fgf20 is expressed in the OE, and Fgf20-null and OE-specific 
βCat deletion both result in smaller turbinates. Therefore, we conclude that Wnt/βCat and 
FGF20 signaling are acting in the same pathway to regulate turbinate development. Specifically, 
we conclude that OE-specific WNT signaling regulates turbinate development at least in part via 
FGF20. Consistent with this, we looked at Dusp6 expression, an FGF-regulated gene, and show 
that its expression in the mesenchyme is reduced in both Fgf20-null (Figure 3H) and βCat 
conditional knockout (Figure S5C) embryos. 
 
We realize it might have been unclear whether the disappearance of Fgf20 expression is 1) 
directly due to loss of Wnt/βCat signaling, which leads to downregulation of Fgf20 expression or 
2) indirectly due to loss of Wnt/βCat signaling, which leads to loss of FEP cells. In Figure S5A, 
we show that less severely affected βCat conditional knockout mice still have some FEP cells 
based on Sox2 expression and histology at P0. However, these cells do not express Fgf20. This 
strongly suggests that Wnt/βCat is required for both 1) direct regulation of Fgf20 expression and 
2) FEP cell maintenance. To clarify, we have added to Figure S5A magnified images of these 
cells and indicate with arrows FEP cells that have lost Fgf20 expression. 

 
Another general issue in the manuscript is that the Fgf20GFP-Cre lineage is cumulative, and to 
make definitive conclusions one really would need an inducible system. 
 
Response: 
We agree with the reviewer that our cumulative lineage experiments are not definitive. This 
issue is specifically addressed in the Discussion section, where we argue why we believe our 
cumulative lineage studies nevertheless strongly support our hypothesis. In Figures 2D-2G, we 
have compared real-time expression with lineage and show a clear expansion of lineage 

Response to Reviewers



compared to real time Fgf20 expression. Furthermore, Fgf20-lineage OE expands rapidly from 
E14.5 to P7, while non-lineage OE does not expand. 
 
In regard to using Fgf20GFP-Cre for βCat deletion, we argue that because Wnt activity, as shown 
in Figure 4, overlaps with that of Fgf20 expression, using an inducible Cre would not necessarily 
be much more informative than a cumulative Cre. Importantly, Wnt activity was never detected 
in areas outside of Fgf20-lineage. 
 
I have the following specific comments: 
 
1. The data has been focused on negative folded regions or "neck" of the OE. These regions 
have a higher percentage of Sox2+Fgf10+ cells. The authors should determine using the 
ROS26AmTmG and ROSA26TdTomato reporters if these cells coincide with all the "neck" 
regions across the whole epithelia.  
 
Response: 
We showed via serial sections across the nasal cavity in Figures 1D-1F, S2C, and S2D that 
Fgf20+ cells are found at all “neck” regions across the whole epithelia. However, we did not 
specifically indicate all of these regions with arrows. We have added arrowheads in the figures 
for clarification. 
 
Does the niche develop due to the specific shape of the cells at these "neck" regions? 
 
Response: 
We are not sure what the reviewer means by “shape of the cells”. Perhaps they mean shape of 
the epithelium (i.e. negatively curved). This is a very interesting question, and in the Discussion 
section we raise the idea that mechanical properties of the neck could contribute to the FEP 
niche, but we believe that investigating this idea is beyond the scope of our current study. 
 
2. The functional role of Fgf20 in progenitor cell fate maintenance has not been discussed 
sufficiently. In the Fgf20 mutants, the mesenchyme derived structures (cartilage and bone) are 
reduced in size and features as opposed to the controls. As mentioned in the current version of 
the manuscript, FGF20 primarily appears to govern the growth of mesenchymal cells, but this 
needs to be further elaborated in the Discussion section. 
 
Response: 
We now address this important issue in the Discussion section. As stated below in response to 
Reviewer 2, we also have examined the expression patterns of an FGF20-regulated gene 
(Dusp6) in the developing turbinate mesenchyme in control, Fgf20-null (Figure 3H), and Fgf9 
overactivation (Figure S4G) embryos. We show that Dusp6 is expressed in the diffuse 
mesenchymal layer during turbinate development at E14.5, and its expression is reduced in 
Fgf20-null embryos and increased in Fgf9 overactivation embryos. This suggests that FGF20 
signals directly to diffuse mesenchymal cells to regulate proliferation. 
 
3. Lef/TCF-H2B; Fgf20GFP-Cre experiments and BFF-CKO experiments demonstrate the 
importance of Wnt/beta-catenin signaling. However, activation of Wnt/beta-catenin leads to a 
highly disorganized epithelial layer. Higher magnification images should be provided.  
 
Response: 
We have added higher magnification images and outlined epithelial-mesenchymal boundaries.  
 



If these cells lose tissue integrity and structure upon activation of Wnt/beta-catenin, they might 
exhibit hallmark properties of progenitors. The authors need to address this issue. 
 
Response: 
While it is an interesting idea, we do not necessarily argue that the irregular cells should exhibit 
hallmark properties of progenitors, as we do not believe that this argument is essential to our 
interpretation of the results. Our argument is that the greatly expanded population of irregular 
cells maintain high levels of Fgf20 and Sox2 expression, markers of OE progenitors (FEP cells), 
and do not acquire a neuronal fate (lack of expression of OMP+ ORNs). As discussed in 
Discussion section, these cells may exhibit dysplastic/tumorigenic properties. 
 
Minor comments: 
 
4. At times on some of the images the text occludes the features of the images. 
5. Some of the low magnification images are difficult to interpret without arrowheads or some 
other kinds of markers as a key. 
 
Response: 
We provide high resolution images in this revision and have added arrows and labels. 
 
Reviewer #2:  
The authors show FGF20 expression in the early lateral nasal cavity epithelium and later in the 
"necks" of the turbinates (protuberances bearing the sensory epithelium). Their lineage labellng 
shows FGF20 descendants populating nearly the entire mature olfactory epithelium. Conditional 
FGF20 knockouts had reduced turbinate size. Knockout of canonical Wnt activity (roughly 
coincident with FGF20 expression) reduced FGF20 and more severely reduced turbinate size 
and epithelial proliferation, also giving premature differentiation. Canonical Wnt gain-of-function 
showed the opposite phenotype (excess FGF20-expressing progenitor cells, excess growth of 
the epithelium, enlarged, misshapen turbinates). 
 
This is a fairly straightforward paper and an interesting investigation of major developmental 
signals in growth and lineage regulation in the nasal turbinates, a relatively under-studied set of 
structures. The writing is a bit careless and needs clarification at many points (the minor points 
listed below are for the first half of the paper - I gave up after that - detailed revision for the latter 
half is needed too).  
 
Response: 
We have incorporated appropriate changes suggested by the reviewer and clarified the writing 
in the second half of the paper as well. 
 
The conclusions are broadly supported except that it is stated that FGF20 signals to underlying 
mesenchyme whereas the data are also consistent with indirect effects of FGF perturbation 
affecting mesenchyme (e.g. by mechanical effects rather than signaling as such). 
 
Additional experiments that would improve the paper would be more direct demonstration of an 
FGF response in the mesenchyme (e.g. expression of validated direct targets in normal and 
mutant tissue) and FGF signaling gain-of-function to complement the loss-of-function. 
 
Response: 
To differentiate between direct effects of FGF20 on underlying mesenchyme and indirect 
effects, we have examined the expression of the FGF20 target gene, Dusp6, at E14.5, when a 



mesenchymal phenotype first appears in Fgf20-null embryos. We now show that the expression 
level of Dusp6 is high in the mesenchyme in control embryos and reduced in Fgf20-null 
embryos (Figure 3H). Moreover, Dusp6 expression is completely gone from the mesenchyme in 
β-catenin conditional knockout embryos (Figure S5C). 
 
In this revised manuscript we have added an in vivo overexpression model in which we 
overexpress FGF9 in the Fgf20-lineage OE. FGF9 is biochemically similar to FGF20. This 
resulted in expansion of the diffuse mesenchymal layer underlying the OE (Figure S4 F-L), 
similar to overactivation of Wnt/βCat signaling in the OE. We further show that Dusp6 
expression is expanded in the mesenchyme at E14.5 in embryos overexpressing FGF9. 
 
Minor points: 
 
Title: "Wnt-responsive" should be "Wnt-expressing and -responsive" 
 
Response: 
We do not agree that the cell population should be labeled as “Wnt-expressing.” While we show 
that these cells respond to Wnt, we do not know whether they express Wnt-ligands. The 
possible sources of Wnt ligands are discussed in the Discussion section.  
 
General: The coinage FEP should be "FP" or just FGF20-positive. The E for epithelial or 
epithelium-spanning is redundant given that all cells in this epithelium are, of couse, epithelial 
and all are epithelium-spanning because it is pseudostratified not stratified. 
 
Response: 
In the text, we have clarified that by “epithelium-spanning” we mean that the nuclei of these cells 
are located throughout the entire OE thickness, unlike basal progenitor cells, which are localized 
next to the basement membrane of the OE. We have further changed the text to refer to FEP 
region OE as “immature” OE to differentiate from the rest of the more “mature” OE, and 
explained this distinction at the end of the 2nd paragraph of the introduction. 
 
p.4, para 2, last sentence "in real time" should be "over time" 
 
Response: 
We used the term “in real time” to differentiate the expression of the Fgf20 knock-in allele, GFP-
Cre (real time), from the Cre activated lineage reporters. We have clarified this point. 
 
p.4 and Fig.1C It is hard to see the non-stratification of the arrowhead-marked epithelium - the 
images themselves are a bit too highly pixellated. Could a higher-resolution image be provided? 
 
Response: 
Yes, we now provide a higher-resolution image. 
 
p.4, penultimate para, "cells spanning the entire thickness of the OE" 
There seems to be a confusion by the authors as to the meaning of the term "pseudo-stratified". 
In a pseudostratified epithelium ALL cells are epithelium-spanning. It is therefore confusing and 
misleading to distinguish the FGF20-positive cells as "epithelium-spanning". What they actually 
mean is that the FGF20-positive nuclei are at all apicobasal positions (just saying unstratified 
would be sufficient, although the additional clarification is fine). 
 
Response: 



We now provide additional clarification and use “immature” vs “mature” to differentiate between 
FEP regions and the rest of the OE. 
 
p.5 "We term this cell population FEP (Fgf20-positive, epithelium-spanning progenitor) cells" 
Calling these progenitor cells is premature in the narrative - it pre-empts the testing of the just-
stated hypothesis. At least the authors should say that their coinage is based on results below. 
 
Response: 
We now indicate that the FEP designation is based on the results presented in this manuscript.  
 
p. 5, para.3 "we hypothesized that Fgf20 may be a marker for embryonic OE progenitors." 
Repeats the "hypothesis" statement in the previous paragraph. Pick one or the other. 
 
Response: 
We removed the hypothesis statement from the previous paragraph. 
 
p.5, para 3, middle "The distribution of Fgf20+ cells and OMP+ ORNs in the c1 OE was linearly 
plotted" should be "The linear distribution of Fgf20+ cells and OMP+ ORNs in the c1 OE was 
plotted" 
 
Response: 
We have changed the text to make what we mean clearer.  
 
p.5 para.3 "Pde2+ necklace ORNs". What is "necklace"? Should it be "neck"? 
 
Response: 
Necklace ORNs are a previously described subset of ORNs in the necklace olfactory system 
that express Pde2a, instead of OMP, as mentioned in the text and described in more detail in 
the publication we cited (Juilfs et al., 1997). The term “necklace” does not correspond to our 
term “neck.” We have clarified this. 
 
p.5 para 4 "OE zones are described in Ressler et al., 1993; Vassar et al., 1993)" 
On the basis of what are these zones distinguished in the cited papers? 
 
Response: 
The cited publications distinguished OE zones based on olfactory receptor distribution. We cited 
these papers as basis for our identification of OE zones. 
 
p.5, para.4 "Given that OE expansion occurs in a dorsomedial-to-ventrolateral direction, the 
Fgf20GFP-Cre lineage is consistent with the idea that FEP cells horizontally expand the OE." 
This is a non-sequitur, or at least extremely poorly explained. What has the progression (not 
really direction - the epithelium points in many different directions) of expansion got to do with 
the observed labeling or the hypothesis that FEP cells do the expansion? One could argue that 
the presence of FGF20-negative cells and regions is NOT consistent with the hypothesis (or at 
least not with the simplest version of it, which is all the reader has). Presumably the authors are 
saying something about the very initial lateral and ventral enrichment of FEP cells at E12.5. A 
better explanation is necessary. 
 
Response: 
We mean that the dorsomedial OE develops first (around E12), and then proceeds to expand 
ventro-laterally. The fact that the Fgf20 lineage contains the entire ventrolateral OE, but only 



some of the dorsomedial OE is consistent with the hypothesis that FEP cells contribute to this 
expansion process. We have more clearly explained this in the revised manuscript (in the 
Discussion section). 
 
p.6 "Fgf20-null mice have a deficit in turbinate development" 
"Have a deficit" (could mean absence) should be "have reduced turbinate surface area". 
 
Response: 
We changed this to say “Fgf20-KO mice have reduced turbinate size and altered morphology.” 
 
p.6, para 3 "Measurement of the surface of each turbinate to estimate size" 
This is extremely unclear here and in the Methods. Points used to measure size could be better 
indicated in the figure (e.g. panels B') 
 
Response: 
We have explained this more clearly in the STAR methods section. We have also labeled this in 
Figure 3B’. 
 
p.7, para 4 "H2B-GFP was detected…most brightly in negatively curved OE at E17.5 (Figure 
4D)" 
This statement is not supported by the data. The brightest GFP is sometimes at the curved 
regions but is as strong or stronger in the flat walls flanking these curved regions. 
 
Response: 
We agree that in certain “flat wall” regions of the OE, Tcf/Lef:H2b-Gfp was detected. As stated 
in the text, we attribute this to the very long half-life of the H2B-GFP protein (24 days, as 
described in Waghmare et al. The EMBO Journal. 2008;27:1309-20.), leading H2B-GFP to be 
detectable not only in negatively curved OE, but also in regions outside of the negatively curved 
OE. This also provides evidence further supporting our hypothesis that the expanding OE is 
derived from the cells residing in the negatively curved OE. 
 
Etc. 
 
Response: 
We have clarified the remaining parts of the paper. 
 
Reviewer #3:  
In this study, Yang et al investigate the role of Fgf20 expressed by olfactory epithelium 
progenitors, which they call Fgf20-positive, epithelium-spanning progenitors or FEPS, in the 
horizontal expansion of the epithelium as well as the underlying cartilaginous turbinate 
structures. In principle this is an interesting story that has the potential to tie together signaling 
events responsible for epithelial development that also coordinate growth and morphogenesis of 
the epithelium's underlying structural scaffold. However, I have a several major concerns that 
lead me to question whether the experiments in their current form support the authors' main 
conclusions. 
 
My main concerns center on the general question of whether the genetic tools and perturbations 
employed are as specific as the authors claim. For example, no validation is provided to 
demonstrate the fidelity of the Fgf20-GFPcre transgene in the olfactory epithelium (OE) itself.  
 
Response: 



We do not believe that this concern is well-founded. We have two Fgf20 knock-in reporters, one 
with GFP-Cre and one with β-galactosidase. Both reporters are driven by the endogenous Fgf20 
promoter. As shown in Figures 1D, 1E, 1F, 4F and 4G, both reporters show the same pattern of 
expression, supporting our assertion that this expression pattern is reproducible and under the 
control of Fgf20 regulatory elements. No expression was detected in any other olfactory 
structure outside of the olfactory epithelia, the septal organ, and the vomeronasal organ.  
 
There are also a number of known markers of OE progenitor cells that might have been used to 
produce a more complete characterization of these cells.  
 
Response: 
In the Discussion section, we discuss in depth four other relevant markers of OE progenitor cells 
and how none of them have been reported to show the same expression pattern as Fgf20. 
 
Moreover, the undetectable levels of either the native mRNA/protein as well as the transgene 
reporter raises a serious question as to whether Fgf20 expressed by the OE progenitor cells 
could actually be active enough to serve as a developmental signal in the sub-mucosal tissue. 
It's certainly possible, but given these concerns a more careful analysis is warranted. 
 
Response: 
The reviewer might have mistaken our statement that “Fgf20 expression was barely detectable 
without an antibody to GFP” to mean that we were unable to detect Fgf20 mRNA or protein. 
Instead, what we meant is that the native fluorescence from GFP in our Fgf20GFP-Cre allele is 
weak. Therefore, we used an anti-GFP antibody and a fluorescence secondary antibody to 
detect it. We have modified the text to make this clearer. Furthermore, while the GFP 
fluorescence in GFP-Cre is weak, the Cre recombinase is highly active, as is clearly shown in 
Figure 2. Therefore, the Fgf20 promoter is definitely active. Lastly, our experiment in response 
to reviewer 2, to examine downstream targets of FGF20 signaling in the mesenchyme also 
support the functional activity of endogenous FGF20. We show that the FGF20-target gene, 
Dusp6, is expressed in the mesenchyme underlying the OE, but its expression is reduced in 
Fgf20-knockouts (Figure 3H) and expanded in FGF overexpressing mice (Figure S4G). 
 
The phenotypes of the various Fgf20 and beta-catenin knockouts also seem open to 
interpretation. For example, the Fgf20 knockout results in only a modest 15% reduction in 
overall surface area, a phenotype obtained with a germline knockout. Thus the contribution of 
Fgf20 to turbinate development seems modest at best,  
 
Response: 
We agree that the effect on turbinate size of Fgf20 knockout is modest (but not insignificant). 
This led us to hypothesize that other signals, perhaps other FGF molecules, could be 
compensating for the loss of FGF20. Furthermore, because the βCat loss of function mice have 
a much more severe turbinate size phenotype, we hypothesize that WNT/βCat signaling is 
regulating these other signals in addition to FGF20. This is supported by the incomplete loss of 
FGF-response gene Dusp6 in Fgf20-knockouts (Figure 3H) and complete loss in βCat 
knockouts (Figure S5C) We discuss this in detail in the Discussion section. 
 
In addition, as stated in the Introduction and Discussion sections, no OE-to-turbinate signaling 
factor has been previously identified. The modest phenotype of mice lacking FGF20 signaling is, 
at the very least, proof-of-principle that the OE regulates the underlying turbinates via a 
signaling molecule. 
 



and it's further difficult to rule out that the effect, however modest, may be due to loss of function 
outside the OE itself.  
 
Response: 
As stated above, we found no evidence that Fgf20 is expressed in any non-epithelial tissue in 
the olfactory system. We clearly show this in Figure 1. Moreover, we used the septal organ as 
an internal control (Figure 3F) and showed that there is no change in the surface area of the 
septal organ in Fgf20-null mice. This rules out contributions to the Fgf20 phenotype from factors 
such as skull size, and strongly suggests that the decrease in OE surface area in Fgf20-null 
mice can be specifically attributed to the smaller turbinate size. 
 
Similarly, the authors argue that canonical wnt signaling lies upstream of Fgf20, yet both beta-
catenin knockouts demonstrate more severe phenotypes than the Fgf20 mutant. 
 
Response: 
We reason that Wnt signaling is upstream of Fgf20 because in Wnt loss-of-function, Fgf20 
expression is absent (Figure S5), while in Wnt gain-of-function, Fgf20 expression is increased 
(both in level and in number of cells expressing Fgf20, as shown in Figures 7 and S7). 
Furthermore, OE-specific deletion of βCat leads to reduced turbinate sizes, suggesting that OE 
Wnt signaling regulates an epithelial-to-mesenchymal signaling factor important for turbinate 
development. FGF20 is one such factor, as Fgf20-null mice also have decreased turbinate size 
and decreased expression of the FGF-responsive gene, Dusp6, in the underlying mesenchyme. 
Therefore, Wnt lies upstream of Fgf20 and regulates turbinate development via FGF20 and 
likely other signals, as discussed in the Discussion section. We interpret the βCat loss of 
function turbinate phenotypes being more severe than that of Fgf20-null mice to mean that other 
OE-to-turbinate signals, potentially other FGFs, are also regulated by Wnt/βCat signaling. 
Consistent with this, Dusp6 is completely absent in βCat loss of function embryos (Figure S5C) 
while it is decreased but not completely gone in Fgf20-null mice (Figure 3H). 
 
These observations indicate to me that the genetic perturbations employed here are not 
restricted to the OE progenitor cells in the way that the authors are presenting. 
 
Response: 
We do not claim that Fgf20GFP-Cre is only targeting and deleting βCat in FEP cells. Our argument 
is that the role of Wnt/βCat signaling in the developing OE is to maintain FEP cells in an 
undifferentiated state and regulate turbinate development via FGF20 and potentially other 
signaling factors. According to the Tcf/Lef:H2b-Gfp reporter, Wnt activity in the OE has a similar 
expression pattern as Fgf20 expression throughout development (Figure 4), showing that OE 
Wnt activity is at least mostly restricted to the Fgf20+ progenitor cells. We further argue, based 
on our data and on previous publications, that Fgf20 expression itself is a reporter for Wnt 
activity in the OE. We agree with the reviewer that we cannot completely rule out that there 
might be some contribution from Wnt activity in the OE outside of Fgf20+ progenitors to the 
phenotype of βCat knockout mice, and we acknowledge this possibility in the Discussion. 
However, we do not believe this possibility challenges the conclusion that Wnt signaling in FEP 
cells regulates turbinate development via FGF20. 
 
From Figure 6, the authors contend that beta-catenin knockout leads to premature 
differentiation and progenitor cell depletion. However the data shown, while suggestive, in fact 
are inconsistent with this conclusion, as no significant difference is found in the number of EdU+ 
progenitors at E14.5  
 



Response: 
The reviewer argues that in βCat LOF, the OE phenotype at P0 is NOT due to premature 
differentiation and progenitor depletion because at E14.5, progenitor proliferation is unchanged. 
We do not agree with this reasoning. Our logic is that depletion of progenitors at P0 could be 
explained by: 1) premature differentiation or 2) decreased progenitor proliferation at an earlier 
stage. We showed that at an earlier stage, there is 1) premature differentiation (increased 
number of differentiated cells), but 2) no change in progenitor proliferation. This is very much 
consistent with the hypothesis that the phenotype is due to premature differentiation and not 
decreased progenitor proliferation. The reviewer seems to be arguing the opposite. 
 
nor were other known markers of OE progenitors tested. 
 
Response: 
Sox2 is widely accepted as the marker of the most undifferentiated basal progenitors, which is 
the cell population we are interested in. We further found that Sox2 also marks the Fgf20+ 
progenitors. We do not believe that examining other known markers will add much meaningful 
information. 
 
Similarly, the expression of the constitutively active beta-catenin seems to cause loss of mature 
cells in OE and other effects in underlying mesenchyme, but the phenotypes are too 
incompletely characterized to allow any meaningful conclusions to be drawn. 
 
Response: 
We disagree with this statement. We believe that the images showing a full complement of 
mature ORNs in control mice and virtually no mature ORNs in the βCat gain-of-function mice 
(Figure 7C) convincingly shows that activation of Wnt signaling dramatically expands an Fgf20-
expressing immature epithelial cell population at the expense of differentiated cell types, such 
as ORNs. In the mesenchyme, we showed that there is an increase in diffuse cell proliferation, 
but no sign of condensation formation (leading to lack of chondrocytes at later stages). As 
stated in the discussion, the overexpression experiments complement the knockout experiments 
in supporting our conclusions. The reviewer did not elaborate on how else we should 
characterize the phenotype. 
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SUMMARY 
 
The olfactory epithelium (OE) is a neurosensory organ required for the sense of smell. Turbinates, bony 
projections from the nasal cavity wall, increase the surface area within the nasal cavity lined by the OE. 
Here, we use engineered Fibroblast Growth Factor 20 (Fgf20) knockin alleles to identify a population of 
OE progenitor cells that fill all layers of the embryonic and early postnatal OE, at specific locations. 
These cells expand horizontally during development to populate all lineages of the mature OE. We 
show that these Fgf20-positive, epithelium-spanning progenitor (FEP) cells are responsive to Wnt/β-
Catenin signaling. Wnt signaling suppresses FEP cell differentiation into OE basal progenitors and their 
progeny, and positively regulates Fgf20 expression. We further show that FGF20 signals to the 
underlying mesenchyme to regulate the growth of turbinates. These studies thus identify a population of 
OE progenitor cells that function to scale OE surface area with the underlying turbinates. 
 
Keywords: FGF20, olfactory epithelium, progenitor cell, turbinate, Wnt/β-Catenin, tissue scaling, 
condensation 
 
INTRODUCTION 
 
The mammalian nose serves two main functions: respiration/air-conditioning and olfaction (Van 
Valkenburgh et al., 2014). Bony plates projecting from the nasal cavity wall, called turbinates, greatly 
increase the surface area within the nasal cavity, which is lined by respiratory epithelia and olfactory 
epithelia (OE). Turbinates in the posterior nasal cavity are mainly lined by OE, which houses 
specialized receptor cells called olfactory receptor neurons (ORNs) that detect chemical odorants and 
transmit electrical signals to the olfactory bulb and the brain (Albert Farbman, 1992). In mammals, 
turbinate size and complexity varies dramatically among species. It has been hypothesized that such 
interspecies differences in turbinate complexity, and therefore surface area within the nasal cavity, 
correlates with interspecies differences in olfactory ability (Negus, 1959; Van Valkenburgh et al., 2014). 
For example, terrestrial carnivorous caniforms have increased olfactory surface area relative to body 
size compared to omnivorous caniforms, correlating with their need to detect far-away prey due to their 
more specialized diet (Green et al., 2012). Despite the importance of the OE and turbinates, the 
developmental mechanisms that regulate their size and complexity are unknown. 
 
The mature mouse OE is a pseudostratified epithelium consisting of three main cell types with nuclei 
located in different layers of the epithelium: sustentacular cell (Sus, a supporting cell population) nuclei 
in the apical layer, ORN nuclei in the middle layers, and basal cell (BC, progenitors that give rise to Sus 
cells and ORNs) nuclei in the basal layer (Murdoch and Roskams, 2007; Schwob et al., 2017). Other 
OE cell types include Bowman’s duct cells and microvillar cells (Weng et al., 2016). OE development 
and neurogenesis can be divided into two main phases: embryonic day 10 (E10) to E13, and E13 to 
adult (Beites et al., 2005; Ikeda et al., 2007; Smart, 1971). Neurogenesis begins at around E10 with the 
invagination of the olfactory placode to form the nasal pit (Treloar et al., 2010). From this stage to E13, 
nuclei of Sox2-expressing (Sox2+) progenitors are found throughout the thickness of the OE, 
particularly apically. However, from E13 to adult, progenitor nuclei are found in the basal layer, and are 
referred to as BCs (Cau et al., 1997; Cuschieri and Bannister, 1975a, 1975b; Smart, 1971). This shift in 
progenitor location is associated with the pseudostratification of the OE, as ORN and Sus cell nuclei 
localize to their respective locations in the mature OE. BCs continue to divide and differentiate into the 
overlying ORNs and Sus cells throughout life, a process termed “established neurogenesis.” It has 
been suggested that during early development prior to E13, the pool of OE progenitors mainly expand, 
while after E13, these progenitors fill the OE with ORNs (Beites et al., 2005). In this article, we use the 
term “immature” to refer to OE in which progenitor nuclei are located throughout the thickness of the 
OE, and the term “mature” to refer to OE containing progenitor (BC) nuclei in the basal layer, ORN 
nuclei in the middle layers, and Sus cell nuclei in the apical layer. 
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Established neurogenesis during development, adult homeostasis, and regeneration in the OE is well 
understood. We refer to this process as vertical development, as it involves the differentiation of BCs 
into cells that fill the upper layers of the OE. Horizontal development, or OE surface area expansion, is 
less well understood. Despite the importance of OE surface area to many mammals, the mechanism 
and a progenitor population regulating OE scaling has not been found (Murdoch et al., 2010). 
Moreover, despite the evolutionary importance of nasal turbinates and their large size relative to the 
rest of the skull, they are the least well studied craniofacial structure (Van Valkenburgh et al., 2014). 
The only mechanistic study investigating turbinate morphogenesis in the mouse showed that 
mechanical forces from airflow affect the postnatal development of the anterior (respiratory) turbinates 
(Coppola et al., 2014). The molecular and genetic factors that regulate turbinate development are 
unknown. 
 
A particularly interesting question is how OE expansion is scaled with turbinate growth. Crosstalk 
between the OE and the underlying turbinates has been predicted but not identified (Adameyko and 
Fried, 2016). Notably, genetic manipulations resulting in early failure of OE development seem to also 
lead to disrupted formation of turbinates and other nasal structures, highlighting the importance of the 
OE to the growth of the nasal cavity (Duggan et al., 2008; Kawauchi et al., 2009; Kersigo et al., 2011; 
Laclef et al., 2003). Here, we propose that throughout embryonic and early postnatal development, 
there are regions of the OE that remain immature and facilitate horizontal expansion of the OE, rather 
than vertical development. We identify the cells that make up these regions as an OE progenitor 
population that regulates turbinate growth via Fibroblast Growth Factor 20 (FGF20), a member of the 
FGF family of signaling molecules (Ornitz and Itoh, 2015). We further show that Wnt/β-Catenin (βCat, 
also Ctnnb1) signaling is required for the maintenance of these Fgf20-positive, epithelium-spanning 
progenitor (FEP) cells and their expression of Fgf20. These mechanisms regulate the overall size of the 
olfactory system and ensure that the OE and underlying turbinates scale proportionally. 
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RESULTS 
 
In adult mice, the OE lines the nasal septum, the ethmo- (olfactory) turbinates, and the superior and 
lateral nasal cavity walls of the olfactory recess (Barrios et al., 2014). A layer of mesenchyme, called 
the lamina propria in the adult, separates the OE from the underlying cartilaginous or bony structures 
(Figure S1H). Throughout development and in the adult, the six olfactory turbinates have highly 
conserved branching, scrolling, and folding morphology (Figures S1I and S1I’). In order of most 
anterodorsal to posteroventral, they are: endoturbinate I (n1), ectoturbinate 1 (c1), endoturbinate II (n2), 
ectoturbinate 2 (c2), endoturbinate III (n3), and endoturbinate IV (n4). Anteriorly, n2 separates into two 
branches, n2’ and n2”. In this study, we focus mainly on c1. All images of turbinates presented are 
frontal sections through the posterior nasal cavity. We refer to “neck” (site of attachment of turbinate to 
nasal cavity wall) and “tip” regions of the turbinate as shown in Figure S1H, inset. We refer to “neck” 
OE as the negatively-curved OE directly overlying the “neck” region of the turbinate. In the adult, “neck” 
regions have sometimes been referred to as the cul-de-sac of the turbinate (Greer et al., 2016). 
 
Fgf20 is expressed in a subset of Sox2+ cells in the developing OE 
 
Initial studies of the Fgf20βgal knockin allele showed Fgf20 expression in progenitor-like cells in several 
developmental systems, including the inner ear (Huh et al., 2012), kidney cap mesenchyme (Barak et 
al., 2012), hair follicle (Huh et al., 2013), mammary buds (Elo et al., 2017), taste buds (unpublished 
data), and OE (unpublished data). To further investigate the cell type marked by Fgf20 expression in 
the developing OE, we used the Fgf20GFP-Cre allele (Huh et al., 2015). Native GFP fluorescence from 
this allele is mostly undetectable; however, allele expression can be readily detected using an anti-GFP 
antibody. 
 
Fgf20GFP-Cre expression was found in the developing OE as early as E10.5, albeit very weakly, in the 
lateral nasal pit (Figures 1A and S1A). Throughout its expression in the OE, Fgf20 co-localized with a 
subset of Sox2+ cells, a marker expressed by progenitors that fill the immature OE, and by BCs and 
Sus cells in the mature OE (Kawauchi et al., 2005). At E12.5, the shapes of turbinates n1, n2, and n3 
can be observed, composed of mesenchyme surrounded by OE and respiratory epithelia (Figure S1B, 
n3 not shown). At this stage, Fgf20 was still mainly expressed throughout the lateral OE (Figure 1B). 
Importantly, Fgf20 was expressed in the OE overlying the site of future c1 development (Figure 1B, 
asterisk). 
 
Turbinates develop through endochondral ossification initiated via epithelial budding and followed by 
proliferation of the underlying mesenchymal cells (Dieulafé, 1906; Martineau-Doizé et al., 1992). At 
E14.5, turbinates c1, c2, and n4 began to appear as mesenchymal condensations protruding from the 
nasal cavity wall (Figures S1C and S1C’, c2 and n4 not shown). At this stage, most of the OE was 
mature, with an apical and a basal layer of Sox2+ cells separated by a Sox2- middle layer of ORNs. In 
mature OE, Fgf20 was expressed in a subset of apical Sox2+ cells (Figure 1C, arrows). Fgf20 was also 
expressed in regions of negatively-curved OE. These regions of the OE mostly retained an immature 
histology, where Fgf20+/Sox2+ cell nuclei were found throughout all layers of the OE (Figure 1C, white 
arrowheads). The negative curvature of the OE appeared to be formed by the protruding turbinates. 
Fgf20 expression was still found in the OE overlying c1 at this stage (Figure 1C, asterisk). 
 
By E17.5, in all six turbinates, cells of the mesenchymal condensations have differentiated into 
chondrocytes (Figures S1D-S1F, and S1E’). At this stage, intense Fgf20 expression remained localized 
to areas of negatively-curved OE, which surround the “neck” of each of the six turbinates (Figures 1D-
1F, arrowheads). Importantly, for turbinates n1, c1, c2, n3, and n4, these areas remained immature, 
with Fgf20+/Sox2+ cell nuclei spanning the entire thickness of the OE. For turbinate n2, the earliest 
turbinate to develop, “neck” OE has become more mature by E17.5 and only retained Fgf20+/Sox2+ cell 
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nuclei towards the apical layers of the OE (Figure 1E, blue arrowheads). The medial “neck” OE of 
turbinate n1, formed by the nasal septum and n1, has likewise become more mature by E17.5 (Figure 
1E, blue arrowheads). 
 
Turbinate chondrocytes undergo hypertrophy at early postnatal stages and by postnatal day 7 (P7) 
most of the cartilage has been replaced by ossified bone  (Figures S1G and S1G’). At this stage, Fgf20 
expression was still primarily found in negatively-curved “neck” OE, but at the apical surface (Figure 
1G, arrowheads). The concentrated expression seen at earlier stages has mostly dissipated, as the 
“neck” OE of every turbinate became almost completely mature by P7. After complete ossification, 
turbinates continue to grow, fold, and scroll until at least P30 (Figure S1I). At P30, Fgf20 expression 
was undetectable (data not shown). 
 
Interestingly, at E17.5, just outside of Fgf20 expression hotspots in negatively-curved, immature OE, 
low GFP fluorescence was detected in the Sox2+ basal and apical cells of the mature OE (Figure 1E’, 
arrowheads). We suspect that this represents the capture of the transient Fgf20GFP-Cre lineage, due to 
GFP-Cre perdurance, suggesting that Fgf20+ cells give rise to adjacent Sox2+ BCs and Sus cells. 
These cells likely no longer actively transcribed Fgf20, but still retained some undegraded GFP-Cre 
protein. 
 
Overall in development, intense Fgf20 expression was found in immature regions of the OE, in a 
pattern associated with the growing turbinates. Upon maturation of a region of OE, Fgf20 expression 
was initially shifted towards the basal and particularly apical layers before disappearing completely. 
Together, these observations led to the hypothesis that Fgf20+ cells are a progenitor population in the 
developing OE. Based on results from experiments described below, we term this population FEP 
(Fgf20-positive, epithelium-spanning progenitor) cells, as their nuclei are found throughout all layers of 
the immature OE. 
 
Fgf20 lineage includes all major OE cell types and responds to cues for expansion 
 
OE surface area expansion is not well understood. A recent study showed that proliferation and 
neurogenesis shifts from dorsomedial zones of the OE to ventrolateral zones between E12.5 and E15.5 
(Eerdunfu et al., 2017). This suggests that expansion of the OE occurs in a dorsomedial-to-ventrolateral 
direction. Interestingly, this wave of neurogenesis does not reach the OE at “neck” regions of 
turbinates, where FEP cells are localized, until perinatal stages, when FEP cells begin to disappear. 
 
“Neck” OE housing FEP cells at E14.5 and E17.5 resemble immature OE at E12.5. Based on this and 
the overall Fgf20 expression pattern, we hypothesized that Fgf20 may be a marker for OE progenitors. 
To test this and to confirm findings by Eerdunfu et al. (2017), we first looked at proliferation and 
neurogenesis rates in negatively-curved “neck” OE, where FEP cells are located. At E17.5, these 
regions incorporated EdU at a higher rate than the OE at the turbinate “tip” (Figures S2A and S2B). 
This difference could be partially explained by a relative lack of post-mitotic ORNs in “neck” regions. 
Confirming this explanation, “neck” OE contained far fewer olfactory marker protein (OMP) positive 
cells (Figures S2C and S2D, arrowheads), a marker for mature ORNs (Hartman and Margolis, 1975). 
The only exception was the medial “neck” OE of n1, the most mature “neck” OE at E17.5. The 
distribution of Fgf20+ cells and OMP+ ORNs along the length of the c1 OE, when plotted along a 
straight line, showed low OMP+ ORN density in areas of high Fgf20+ cell density (Figure S2E). No cells 
were found to co-express Fgf20 and OMP. 
 
In the adult, OE at “recesses of olfactory turbinates” have been shown to contain Pde2a+ ORNs 
belonging to the “necklace” olfactory system, rather than OMP+ ORNs (Figure S2F; Juilfs et al., 1997). 
To rule out the possibility that “neck” OE contained these OMP- ORNs during embryonic stages, we 
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examined Pde2a expression at E17.5. Pde2a+ ORNs were not found in “neck” OE or anywhere else at 
this stage (Figure S2G). Note: the term “necklace” refers to the spatial organization of the glomeruli that 
receive projections from ORNs of the necklace olfactory system. It is not to be confused with the term 
“neck,” which in this study refers to a specific part of the turbinate. Altogether, these results suggest 
that immature, “neck” OE have increased rates of proliferation and decreased rates of neurogenesis. 
This supports the idea that these regions host embryonic progenitors involved in horizontal, as opposed 
to vertical, development. 
 
Next, we combined Fgf20GFP-Cre with Cre reporter alleles ROSAmTmG (Muzumdar et al., 2007) or 
ROSAtdTomato (Madisen et al., 2010) to trace the lineage of Fgf20GFP-Cre-expressing cells. The ROSAmTmG 
allele, in which Cre-expressing cells and their progeny express membrane-localized eGFP (mG), while 
all other cells express membrane-localized tdTomato (mT), showed that the Fgf20GFP-Cre lineage 
includes most of the postnatal OE, and the entire ventrolateral OE containing zones 2-4 (Figures 2A-
2C; OE zones are described in Ressler et al., 1993; Vassar et al., 1993). Only a few spots associated 
with the dorsomedial zone 1 were outside of the lineage (Figures 2A-2C, arrowheads). This pattern was 
consistent across individuals. The other olfactory structures with Fgf20GFP-Cre-lineage cells were the 
vomeronasal organ (VNO; Figure S2H) and septal organ (SO; Figure S2I). 
 
Importantly, in Fgf20GFP-Cre-lineage OE, the entire thickness of the OE (the BC, ORN, and Sus cell 
layers, as well as the brightly fluorescent cilia layer apical to the Sus cell layer) expressed mG, and not 
mT (Figure 2B’). mG expression was restricted to the OE, except for two accessory OE structures 
found in the lamina propria (mesenchymal layer): axon bundles (Ax) projected by ORNs, and 
Bowman’s glands (BG), which associate with Bowman’s ducts that traverse the OE. These structures 
can be readily identified based on their morphology. 
 
We then examined the Fgf20GFP-Cre “real-time” expression, identified with an antibody to GFP-Cre, 
compared to its lineage with the ROSAtdTomato reporter at various stages of OE development. At E11.5, 
the lineage almost completely overlapped with real-time Fgf20 expression (Figure 2D). However, as the 
OE expands (E14.5 and E17.5), the lineage increasingly exceeded the domain of real-time Fgf20 
expression (Figures 2E and 2F). Furthermore, quantification of surface area within and outside of the 
Fgf20GFP-Cre lineage showed that growth of the Fgf20GFP-Cre-lineage OE far outpaced that of non-lineage 
OE (Figure 2G). In fact, surface area of the non-lineage OE did not significantly change from E14.5 to 
P7: 0.38 ± 0.02 mm2 at E14.5, 0.46 ± 0.18 mm2 at E17.5, and 0.53 ± 0.25 mm2 at P7 (n = 3, mean ± 
SD, p = 0.6, one-way ANOVA). The Fgf20GFP-Cre-lineage OE, on the other hand, grew significantly in 
surface area during this period: 1.39 ± 0.21 mm2 at E14.5, 5.21 ± 0.06 mm2 at E17.5, and 16.5 ± 1.1 
mm2 at P7 (p < 0.001, one-way ANOVA). Therefore, the Fgf20GFP-Cre lineage accounted for nearly all the 
expanding OE from E14.5 to P7. Together with Fgf20GFP-Cre immunostaining showing transient Fgf20 
expression in BCs and Sus cells (Figure 1E’ arrowheads), Fgf20GFP-Cre lineage tracing supports the 
hypothesis that FEP cells are multipotent progenitors of the OE contributing to horizontal expansion. 
 
Fgf20-KO mice have reduced turbinate size and altered morphology 
 
Next, we investigated the function of FGF20 signaling in olfactory system development. Because Fgf20 
was expressed in a pattern associated with the developing turbinates (overlying sites of future turbinate 
development at early stages and occupying “neck” regions at later stages), we compared the 
morphology of turbinates in Fgf20-KO (Fgf20GFP-Cre/βgal) mice to those in heterozygous littermate 
controls (Fgf20GFP-Cre/+). Gross overview of serial frontal sections of the nasal cavity at P30 showed that 
most of the olfactory turbinates were smaller and/or differed in shape in Fgf20-KO mice compared to 
control (Figures 3A-3D). These changes were consistent across individuals. Measurement of the 
surface of each turbinate to estimate size (Figure 3B’, outline) showed that of the six turbinates, c1, c2, 
and n4 were the most reduced in size in Fgf20-KO mice, by 35%, 28%, and 34%, respectively (Figure 
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3E). Most strikingly, c1 showed reduced folding and was missing its dorsal branch (Figure 3B’). n1, n2, 
and n3, the earliest turbinates to appear developmentally, were the least reduced in size, by 15%, 
3.7%, and 7.0%, respectively (Figure 3E). In total, Fgf20-KO mice had a 17% average decrease in OE 
surface area within the nasal cavity, due to smaller turbinates, while septal organ surface area was not 
changed (Figure 3F). The septal organ is made up of olfactory epithelia, some of which is in the 
Fgf20GFP-Cre lineage (Figure S2I) and is only found overlying the nasal septum and not turbinates. This 
makes it a good internal control for turbinate surface area. The nasal cavity wall and septum did not 
appear to be affected by loss of FGF20 signaling. 
 
We then examined Fgf20-KO mice at P0, when turbinates are still made up of chondrocytes. Many of 
the turbinates in Fgf20-KO mice appeared smaller than those in control (Figure S3A and S3B). 
Focusing on c1, there was a measurable decrease in the size of the turbinate cartilage (p = 0.009) and 
in the OE surface area overlying the turbinate (p < 0.001; Figures S3A’, S3C, and S3D). Therefore, the 
turbinate deformity seen in the adult can at least be partially attributed to a defect prior to osteogenesis. 
 
Fgf20 is required for mesenchymal proliferation early in turbinate development 
 
In the initial stages of endochondral bone development, mesenchymal cells condense to form a 
mesenchymal condensation, and subsequently differentiate into chondrocytes (Long and Ornitz, 2013). 
To determine the cause of the decrease in c1 cartilage size at P0, we looked at these initial stages in 
Fgf20-KO embryos. Development of turbinate c1 began at around E14.5, as mesenchymal cells 
between the OE and the nasal cavity wall started to form a mesenchymal condensation. The 
condensed mesenchymal cells were proliferative and had high Sox9 expression (Sox9hi; Figure 3G). 
Chondrocytes of the nasal cavity wall were also Sox9hi but were distinguished from the condensed 
mesenchymal cells by their round nuclei and large soma. Mesenchymal cells that remained diffuse 
(uncondensed) were found between the condensation and the OE. These cells had weak or almost 
undetectable Sox9 expression (Sox9low). 
 
In Fgf20-KO embryos at E14.5, the number of condensed cells and diffuse cells were not significantly 
changed compared to control, although there was a trend towards fewer condensed cells (Figures 3G, 
3I, and 3J). Consistent with this, the ratio of condensed cells to diffuse cells was slightly decreased 
compared to control (p = 0.05; Figure 3K), suggesting a defect in formation of the condensation. 
Analysis of EdU incorporation showed a decrease in proliferation rate in condensed cells (p = 0.007; 
Figures 3G and 3L) and diffuse cells (p = 0.06; Figure 3M) in Fgf20-KO embryos, although the latter 
was not statistically significant. To identify the cell type directly responding to FGF20, we examined 
Dusp6 expression by in situ hybridization. Dusp6 is a downstream target of FGF signaling (Ekerot et al., 
2008; Kawakami et al., 2003; Li et al., 2005, 2007; Ornitz and Itoh, 2015) and is a target of FGF20 
signaling in the cochlea (unpublished data). At E14.5, Dusp6 was expressed in the c1 mesenchyme 
directly underneath the OE in control embryos (Figure 3H) and was markedly reduced in Fgf20-KO 
embryos (arrows). This suggests that FGF20 is signaling to diffuse cells directly underneath the OE to 
regulate proliferation and condensation. However, Dusp6 expression was not completely absent in 
Fgf20-KO embryos (Figure 3H, arrow), suggesting that another FGF ligand may be compensating for 
the loss of FGF20. 
 
At E17.5, Sox9hi condensations were no longer observed in the turbinates. In Fgf20-KO mice, the rate 
of proliferation was decreased in “neck” region mesenchymal cells compared to control (Figures S4A, 
S4A’, and S4B), but not in “tip” region mesenchymal cells (Figure S4C). There was no change in 
proliferation in turbinate chondrocytes at E17.5 (Figure S4D). Together, these data suggest that Fgf20 
regulates the proliferation of chondrocyte progenitors and potentially the formation of the mesenchymal 
condensation. 
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We also investigated whether Fgf20-KO mice have a defect in OE development. At P30, there was no 
measurable difference in OE thickness between control and Fgf20-KO mice (data not shown). 
Interestingly, at E14.5, there was a slight but statistically significant increase in both OE thickness (p = 
0.04; Figures S3J and S3K) and the density of Sox2+ basal cells (p = 0.02; Figure S3L). The 
proliferation rate of Sox2+ BCs was unchanged (Figure S3M). This increase in thickness and Sox2+ BC 
density may be an effect of the constriction in OE surface area due to a smaller turbinate. By P0, Fgf20-
KO pups had normal OE thickness (Figure S3F), likely having adjusted to the constriction. Importantly, 
at P0, the OE of Fgf20-KO mice had a normal complement of OMP+ ORNs, Sus cells, and Sox2+ BCs 
(Figures S3G-S3I). In addition, neither Fgf20 expression (Figure S3G) nor FEP cell proliferation 
(Figures S4A’ and S4E) was affected in Fgf20-KO mice. Together, these data suggest that loss of 
FGF20 signaling does not affect OE vertical development. 
 
Ectopic activation of FGF ligand expression in the OE drives mesenchymal growth 
 
To determine whether overactivation of FGF signaling will increase proliferation in turbinate 
mesenchyme, we combined Fgf20GFP-Cre  with the ROSArtTA (Belteki et al., 2005) and TRE-Fgf9-IRES-
eGfp (White et al., 2006) alleles. We generated Fgf9-OA (Fgf20GFP-Cre/+; ROSArtTA; TRE-Fgf9-IRES-eGfp) 
mice along with littermate controls (Fgf20GFP-Cre/+; ROSArtTA). The Fgf9-OA mouse expresses the reverse 
tetracycline transactivator (rtTA) in the Fgf20GFP-Cre lineage, which drives the expression of TRE-Fgf9-
IRES-eGfp upon doxycycline (Dox) induction. FGF9 is biochemically similar to FGF20 (Ornitz and Itoh, 
2015), and is able to rescue and compensate for the loss of FGF20 signaling in the cochlea (Huh et al., 
2012, 2015). 
Pregnant dams were fed a Dox diet starting at E11.5 and embryos were collected at E14.5. Fgf9-OA 
embryos showed a markedly thickened c1 mesenchymal layer (Figure S4F) and expansion and 
increased intensity of Dusp6 expression (Figure S4G). Compared to control, Fgf9-OA embryos had a 
slight but non-significant decrease in the number of condensed mesenchymal cells (p = 0.1) and a two- 
to three-fold increase in the number of diffuse cells (p = 0.01; Figures S4F, S4H, and S4I). 
Correspondingly, the ratio of condensed to diffuse cells was significantly decreased (p = 0.002; Figure 
S4J). However, there was no significant change in either condensed or diffuse cell proliferation (Figures 
S4F, S4K, and S4L). 
 
The lack of a measurable increase in diffuse cell proliferation in Fgf9-OA embryos may be due to 
increased mesenchyme thickness, causing cells further away from the OE to receive less FGF 
signaling. Consistent with this, high levels of Dusp6 expression in Fgf9-OA embryos was only found in 
the mesenchyme within 58 µm of the OE (average of four samples). Therefore, we hypothesized that 
only diffuse cells close to the OE had an increase in proliferation in Fgf9-OA embryos. In control 
embryos, the diffuse mesenchymal layer averaged 69 µm thick. Quantification of proliferation of diffuse 
cells within 69 µm of the OE (“OE adjacent cells”) in Fgf9-OA embryos showed a significant increase 
compared to the total diffuse cell population in controls (Figures S4F, brackets and S4L). These data 
suggest that the increase in diffuse cell number in Fgf9-OA embryos likely had contributions from 
decreased condensation as well as increased proliferation. Unfortunately, the Fgf9-OA pups die at 
birth, precluding us from examining the postnatal phenotype. 
 
Wnt activity in the developing OE coincides with Fgf20 expression 
 
Given the interesting expression pattern of Fgf20 in the OE, the properties of Fgf20-expressing cells, 
and the function of FGF20 signaling, we sought to understand the regulation of Fgf20 expression and 
FEP cell maintenance. We turned to the canonical Wnt/βCat signaling pathway, which is a known direct 
transcriptional regulator of Fgf20 (Chamorro et al., 2005) and commonly involved in progenitor and 
stem cell maintenance (Clevers and Nusse, 2012; Nusse and Clevers, 2017). 
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We used the Tcf/Lef:H2b-Gfp mouse, a well-described Wnt/βCat signaling reporter (Ferrer-Vaquer et 
al., 2010), to study Wnt/βCat activity in the developing OE. Interestingly, the Tcf/Lef:H2b-Gfp 
expression pattern was similar to that of Fgf20 throughout the developing OE. H2B-GFP was detected 
in the lateral nasal pit at E10.5 (Figure 4A), consistent with previous reports of Wnt/βCat activity at this 
stage (Brugmann et al., 2007; Zhu et al., 2016). H2B-GFP was detected in the OE overlying the site of 
c1 development at E12.5 and E14.5 (Figures 4B, asterisk and 4C), and in negatively-curved “neck” OE 
at E17.5 (Figure 4D). At E17.5, H2B-GFP expression was found in FEP cell nuclei, which span all 
layers of the “neck” OE (Figure 4D’, arrowheads). By P7, H2B-GFP expression was less concentrated, 
mainly found in the apical layer at and surrounding “neck” OE (Figure 4E). Unlike Fgf20, Tcf/Lef:H2b-
Gfp was also highly expressed in the nasal pit rim at E10.5 (Figure 4A, arrowhead) and in the 
respiratory epithelium (RE) at later stages (Figures 4B and 4C). In addition, H2B-GFP has a long half-
life, likely much longer than that of GFP-Cre (Waghmare et al., 2008), resulting in a larger expression 
domain for Tcf/Lef:H2b-Gfp compared to Fgf20GFP-Cre. Consistent with this, the size of the Tcf/Lef:H2b-
Gfp expression domain lies in between that of Fgf20GFP-Cre real-time expression and that of Fgf20GFP-Cre-
lineage. Importantly, Tcf/Lef:H2b-Gfp expression was not found in non-Fgf20GFP-Cre-lineage OE. 
Furthermore, products of the Tcf/Lef:H2b-Gfp and Fgf20βgal reporters appeared to have similar half-
lives. Expression patterns of these two reporters more closely overlapped (Figures 4F and 4G). 
 
βCat conditional deletion results in a severe deficit in turbinate development  
 
To determine the role of Wnt/βCat signaling in the OE, we combined Fgf20GFP-Cre  with the βCatfl(ex2-6) 
allele (Brault et al., 2001) to conditionally delete βCat. We generated βFF-CKO (Fgf20GFP-Cre/+; βCatfl(ex2-

6)/fl(ex2-6)) mice along with littermate controls (Fgf20GFP-Cre/+; βCatfl(ex2-6)/+). Notably, since Fgf20 is a 
downstream target of Wnt/βCat signaling, Wnt/βCat signaling is predicted to activate prior to the onset 
of Fgf20GFP-Cre expression, leading to delayed disruption of Wnt/βCat signaling. βFF-CKO pups 
appeared grossly normal at birth but most died by P1, with only a few surviving to adulthood. The 
surviving mice appeared smaller than littermate controls. 
 
At P0, Fgf20 expression was almost completely absent from the OE in βFF-CKO pups, as expected 
(Figure S5A). Therefore, a defect in turbinate development was predicted, as observed in Fgf20-KO 
mice. Examination of a few adult βFF-CKO mice that survived to P30 showed dramatically stunted 
turbinate growth of all six turbinates (Figure S5B). We focused our quantitative analysis on P0 pups, 
since the surviving P30 cohort was a biased sample. In addition, quantitation of turbinate size could be 
affected by the decreased overall size of βFF-CKO adult mice. 
 
At P0, very noticeably, βFF-CKO mice had a more severe defect in turbinate development than Fgf20-
KO mice (Figure 5A). This turbinate phenotype exhibited variability across individuals. A few pups had 
almost no detectable structural defect compared to control, while pups with the most severe phenotype 
had a complete lack of c1, c2, and n4 turbinates (Figure 5A, shape 3). This variability is likely 
attributable to residual Wnt/βCat signaling from delayed or inefficient βCat deletion, as well as to 
variability in Fgf20GFP-Cre expression. Therefore, we believe mice with the most severe phenotypes 
represented the most complete βCat deletion. Focusing on c1 (Figure 5A’), we classified the varying P0 
βFF-CKO phenotypes into 3 categories based on turbinate shape: shape 1 resembles control, shape 2 
has a reduction in size, and shape 3 lacks c1. Shape 1 was relatively rare and not found in every 
experiment. 
 
To quantify the size of c1, we measured cartilage volume and overlying surface area. Cartilage volume 
was significantly decreased in βFF-CKO mice compared to control (p < 0.001; Figure 5B), as was 
surface area (p < 0.001; Figure 5C). Mesenchyme thickness was noticeably decreased but only in the 
most severe (shape 3) βFF-CKO mice (Figure 5D). This phenotype was not observed in Fgf20-KO mice 
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(Figure S3E). OE thickness was decreased in βFF-CKO mice, also a phenotype not observed in Fgf20-
KO mice (see below). 
 
Specific disruption of βCat signaling also results in a severe deficit in turbinate development 
 
βCat serves two major functions in epithelial cells: Wnt/βCat signaling and cell adhesion. To rule out 
the contribution of disrupted cell adhesion to the βFF-CKO phenotype, we used the βCatDM allele 
(Valenta et al., 2011) to generate a second βCat conditional deletion mouse: βDF-CKO (Fgf20GFP-Cre/+; 
βCatDM/fl(ex2-6)), along with littermate controls (Fgf20GFP-Cre/+; βCat+/+, Fgf20GFP-Cre/+; βCatDM/+, and 
Fgf20GFP-Cre/+; βCatfl(ex2-6)/+). When not specified, “control” refers to Fgf20GFP-Cre/+; βCatfl(ex2-6)/+. βDF-CKO 
pups appeared grossly normal at birth but almost all died by P1. 
 
Like βFF-CKO mice, Fgf20 expression was absent from βDF-CKO pups at P0 (Figure S5A). The βDF-
CKO turbinate phenotype was similar to that of βFF-CKO mice. However, the most severe βDF-CKO 
mice still had some observable c1, c2, and n4 development, unlike the most severe βFF-CKO mice 
(Figures S5D and S5D’). Despite this, βDF-CKO mice (40% reduction in cartilage volume, compared to 
control; Figure S5E) had a worse phenotype than Fgf20-KO mice (21% reduction) at P0 (Figure S3C). 
Like βFF-CKO mice, βDF-CKO mice also had decreased turbinate surface area and mesenchyme 
thickness, compared to littermate controls (Figures S5D’, S5F, and S5G). Also, like βFF-CKO mice, 
examination of a few adult βDF-CKO mice that survived to P30 showed dramatically stunted turbinate 
growth of all six turbinates (Figure S5B). 
 
βCat conditional deletion causes decreased mesenchymal proliferation in developing turbinates 
 
To explain the decreased c1 turbinate size in βFF-CKO mice, we looked at proliferation in and around 
the mesenchymal condensation. The earliest phenotype in βFF-CKO mice was observed at E14.5. At 
this stage, there was a decrease in the number of Sox9hi condensed mesenchymal cells in βFF-CKO 
mice compared to control (Figures 5E and 5F), but no difference in the number of diffuse cells (Figure 
5G), leading to a decreased ratio of condensed cells to diffuse cells (Figure 5H). Like at P0, the 
phenotype at E14.5 was also variable, with the most severe having almost no condensation. We did not 
categorize the E14.5 phenotype into shapes. 
 
Proliferation in condensed cells was decreased in βFF-CKO mice (Figures 5E and 5I). This proliferation 
defect was more severe than that of Fgf20-KO mice. There was also a decrease in proliferation of 
diffuse cells at E14.5 (Figure 5J). The lack of a decrease in diffuse cell number at E14.5, despite the 
decrease in proliferation, suggests a defect in the formation of the condensation. 
 
To directly assess effects on FGF signaling, Dusp6 expression was examined by in situ hybridization. 
In the c1 mesenchymal layer in βFF-CKO mice at E14.5, Dusp6 expression was absent (Figure S5C, 
arrows), unlike in Fgf20-KO mice at the same stage, where some Dusp6 expression remained. This 
suggests that other OE signals regulating mesenchymal Dusp6 expression could also be 
downregulated in βFF-CKO mice, in addition to FGF20. Also, Dusp6 expression appeared to be 
slightly, yet consistently decreased in Fgf20GFP-Cre/+; βCatflox/+ controls compared to Fgf20GFP-Cre/+; βCat+/+ 
(compare Figures S5C and 3H). This may be attributable to heterozygosity of βCat in the OE. Overall, 
the βFF-CKO phenotype was similar to that of Fgf20-KO embryos, but more severe. 
 
βCat conditional deletion leads to premature differentiation and progenitor depletion in the OE 
 
Interestingly, βFF-CKO mice had significantly thinner OE compared to control at P0 (p < 0.001; Figures 
5A’, 6A, and 6B). In the most severe βFF-CKO mice at P0, OE at the tip of c1 was only 2-3 cell layers 
thick, whereas control OE was 7-9 cell layers thick in the same region (Figures 5A’ and 6A). 
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Surprisingly, however, βFF-CKO OE contained a normal complement of Sus cells and OMP+ ORNs 
(Figures 6A, 6C, and 6D). Even the most severely thinned βFF-CKO OE had a normal complement of 
these cells, which comprised nearly the entire OE. The presence of these differentiated OE cell types 
suggest that vertical development is intact in βFF-CKO mice. 
 
Notably, there was a lack of FEP cells in the more severe βFF-CKO mice at P0, as evidenced by an 
absence of Sox2+ epithelium-spanning cells and maturation of negatively-curved “neck” OE, where 
Sox2+ cells were found only in the apical and basal layers (Figure 6A, arrowheads). In less severe βFF-
CKO mice, some Sox2+ epithelium-spanning cells were observed, resembling FEP cells in control mice 
(Figures S5A and 6A, arrows). However, these cells did not express Fgf20 (Figure S5A, arrows). This 
shows that βCat is required for the maintenance of both Fgf20 expression and FEP cells. There was 
also a decrease in the density of Sox2+ BCs in βFF-CKO mice, with just a few cells remaining in the 
most severe cases (Figures 6A and 6D). Given that the severely thinned βFF-CKO OE contained a 
normal complement of the most differentiated cell types, this decrease in progenitor number suggests 
that FEP cells and Sox2+ BCs were not maintained in an undifferentiated state. 
 
Next, we examined differentiation at an earlier stage. At E14.5, the OE was only slightly thinner in βFF-
CKO embryos (p = 0.05; Figures 6E and 6F). There was also a detectable decrease in the number of 
Sox2+ BCs (p = 0.05; Figures 6E and 6G). Proliferation levels of Sox2+ BCs did not appear to be 
dramatically changed (p = 0.2; Figures 6E and 6H). There was also a noticeable decrease in the 
number of, or absence of, FEP cells in the c1 OE of βFF-CKO embryos, based on a lack of epithelium-
spanning Sox2+ cells (Figure 6E, asterisk indicates “neck” region). At this stage, there was some 
residual Fgf20GFP-Cre expression in the n1 and n2 OE of βFF-CKO embryos (Figure 6I, arrowheads), 
likely attributable to GFP perdurance. However, there was no Fgf20 expression in the c1 OE (Figure 6I, 
asterisk indicates “neck” region). 
 
Remarkably, there was an increase in the number of OMP+ ORNs in βFF-CKO mice at E14.5 
compared to control (Figures 6I and 6J), despite a slight decrease in OE thickness. This supports the 
hypothesis that the P0 βFF-CKO phenotype was a result of premature differentiation, leading to a 
depletion of progenitors. At an earlier stage of development (E13.5), no obvious differences between 
βFF-CKO and control mice were observed (data not shown). 
 
Examination of a few βFF-CKO mice that survived to P30 showed a lack of OE in some areas, as 
indicated by absence of OMP expression. This was particularly noticeable in areas overlying and 
surrounding “neck” regions of turbinates (Figure S5B, arrowhead). This suggests a defect in OE 
expansion or maintenance in the surviving adult βFF-CKO mice. 
 
Specific disruption of βCat signaling leads to premature OE differentiation 
 
βDF-CKO mice also exhibited decreased OE thickness at P0 (Figures S5D’, S6A, and S6B), with a 
normal complement of Sus cells and OMP+ ORNs (Figures S6A, S6C, and S6D). Similar to severe 
βFF-CKO mice, βDF-CKO mice also lacked FEP cells and showed early maturation of negatively-
curved “neck” OE (Figure S6A, arrowheads). Interestingly, there was a small, but statistically significant 
increase in Sox2+ BC density in βDF-CKO mice (p = 0.03; Figure S6D), opposite of the βFF-CKO 
phenotype. 
 
At E17.5 in βDF-CKO mice, the OE was only slightly thinner compared to control (Figures S6E and 
S6F), with no change in Sox2+ BC density (Figure S6G). Sox2+ BCs were less proliferative compared to 
control (p = 0.01; Figures S6E and S6H), suggesting that the increase in Sox2+ BCs at P0 was not due 
to increased proliferation. Unlike at P0, at E17.5 some FEP cells were still found in the c1 OE of βDF-
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CKO mice (Figure S6E, arrow), along with Fgf20 expression (Figure S6I, arrows). The increase in 
Sox2+ BCs at P0 likely can be explained by premature differentiation of FEP cells. 
 
At E17.5, in control mice, regions of “neck” OE were filled with FEP cells, with a dearth of OMP+ ORNs. 
However, in βDF-CKO mice, these regions were prematurely filled with OMP+ ORNs (Figure S6I, 
arrowheads). A distribution plot of OMP+ and Fgf20+ cells showed that in control mice, OMP+ ORN 
density was lowest where Fgf20+ cell density was highest (“neck” regions). In βDF-CKO mice, OMP+ 
ORNs were much more evenly distributed across the turbinate. 
 
Like βFF-CKO mice, examination of a few βDF-CKO mice that survived to P30 also showed a lack of 
OE in some areas, as indicated by absence of OMP expression (Figure S5B, arrowhead). 
 
βCat stabilization prevents differentiation of FEP cells 
 
To determine whether over-activation of Wnt/βCat signaling (gain-of-function) will produce the opposite 
phenotype as inactivation (loss-of-function), we combined Fgf20GFP-Cre with the βCatfl(ex3) allele (Harada 
et al., 1999) to activate a dominant stable version of βCat. βEX3-OA (Fgf20GFP-Cre/+; βCatfl(ex3)/+) pups 
had pronounced growth retardation post-partum, compared to littermate controls (Fgf20GFP-Cre/+; βCat+/+) 
and died within a few days of birth. Some had notable abdominal distension and died at birth. 
 
At E17.5, βEX3-OA mice had increased Fgf20 expression in the OE compared to controls. In control 
mice, native GFP fluorescence from the Fgf20GFP-Cre allele was barely detectable without using an 
antibody to GFP (Figure S7A, arrowheads). However, in βEX3-OA mice, native GFP expression was 
broad and intense throughout the OE. 
 
One of the most salient phenotypes in βEX3-OA mice at E17.5 was disrupted OE development (Figure 
7A). The c1 OE of βEX3-OA mice was very thin and contained almost exclusively Fgf20+/Sox2+ FEP 
cells (Figures 7A’ and 7B) and very few OMP+ ORNs or Sox2 single-positive (BC or Sus) cells (Figures 
7B and 7C). This cell composition resembles that of “neck” OE at E17.5 and the lateral OE at E12.5 in 
wildtype mice. Interestingly, the FEP cells at E17.5 were mostly non-proliferative (Figure S7B), 
suggesting that the increase in the number of FEP cells was due to lack of differentiation, and not an 
increase in proliferation. Areas of the OE not targeted by Fgf20GFP-Cre (for example, overlying 
dorsomedial regions of n2) still showed comparatively normal appearing OE, with Sox2+ cells in apical 
and basal layers, and OMP+ ORNs in between (Figures S7C and S7D). 
 
In βEX3-OA mice, extra blebs of OE and mesenchyme were found throughout the nasal cavity (Figure 
7A, asterisk). There were also clumps of very densely packed and highly Fgf20+ FEP cells (Figure 7B, 
arrowheads). These FEP cells appeared dysplastic, with irregularly shaped nuclei and a high nuclear-
cytoplasmic ratio (Figure S7A, inset). The epithelial-mesenchymal boundary was difficult to identify in 
βEX3-OA mice. In fact, the OE seemed to be invading into the mesenchyme, as highlighted by the 
presence of OMP+ cells (Figure 7C, arrows) and duct structures (Figure S7A, arrows) in the 
mesenchyme. 
 
Given the dense packing of cells, distorted cell morphology, and potentially disrupted basement 
membrane, it was difficult to quantify OE cells at E17.5. Therefore, we examined E13.5, the earliest 
stage that a phenotype was detectable. At this stage, the OE was already thinner in βEX3-OA mice 
(Figures S7E and S7F). In addition, there were clumps of FEP cells (Figure S7E, arrowheads) and a 
measurable increase in the density of FEP cells in the OE (Figure S7G). At this stage, there was no 
change in FEP cell proliferation (Figures S7E and S7H), again suggesting that the increase in FEP cell 
number was due to inhibition of differentiation, rather than increased proliferation. 
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βCat stabilization results in mesenchyme expansion without condensation in turbinates 
 
Examination of turbinate development showed a vast expansion of the mesenchymal layer in βEX3-OA 
mice at E17.5, at the expense of the turbinate chondrocytes (Figure 7A’). At this stage, the nasal cavity 
wall in βEX3-OA mice appeared relatively normal, containing Sox9hi chondrocytes (Figure 7C). 
However, turbinate c1 was made up entirely of Sox9low mesenchymal cells, suggesting a defect in 
formation of the mesenchymal condensation (Figures 7C). Chondrocytes of n2 and n3, the least 
affected turbinates in Fgf20-KO and βCat loss-of-function mice, were also the least affected in βEX3-
OA mice (Figure S7D). However, the shapes of these turbinates were affected along with notable 
expansion of the mesenchymal layer (Figure 7A). 
 
At E13.5, control embryos showed no sign of c1 protrusion from the lateral wall (Figure 7D), which does 
not occur until E14.5. However, in βEX3-OA mice, a large protrusion made up of Sox9low mesenchyme 
could be seen in some embryos (Figure 7D). These Sox9low cells formed the shape of a turbinate, 
increasing the thickness of the mesenchyme (Figures 7D and 7E). Similarly to E17.5, the mesenchymal 
cells in βEX3-OA embryos at E13.5 were more proliferative than in control embryos (Figures 7D and 
7F), accounting for the mesenchymal expansion seen at E17.5. However, these mesenchymal cells 
remained Sox9low without showing any signs of condensation formation. Overall, the turbinate 
phenotype in βEX3-OA mice was similar to that of Fgf9-OA embryos, but much more severe. 
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DISCUSSION 
 
The results presented here identify an Fgf20-expressing, Wnt-responsive OE progenitor population, 
termed FEP cells. These cells horizontally expand the OE and scale its growth with that of the 
underlying turbinates. We find that within these cells, Wnt/βCat signaling is required to maintain an 
undifferentiated progenitor state and regulate the expression of Fgf20, while FGF20 directly promotes 
turbinate growth. 
 
FEP cells are an embryonic OE progenitor population that expands the OE 
 
A definitive embryonic progenitor population has not been identified in the OE, although a few have 
been proposed. These include nestin+ radial glia-like progenitors (RGLPs) and Pax7+ cells. RGLPs only 
give rise to ORNs, and their lineage is restricted to zone 1 of the OE (Murdoch and Roskams, 2008). 
Pax7+ cells give rise to ORNs, Sus cells, BCs, and Bowman’s glands and ducts (Murdoch et al., 2010). 
However, the Pax7Cre-lineage contribution to the OE is minimal, accounting for only ~16% of the OE at 
E11.5, ~7% at P5, and ~1% in the adult. This pattern is opposite to that of the Fgf20GFP-Cre lineage, 
which increases in percentage of total OE with age. Murdoch et al. (2010) predicted that another 
progenitor population exists, which responds to cues for OE expansion and gives rise to the rest of the 
OE. We propose that FEP cells could be this complementary population. Other proposed embryonic 
OE progenitors include Meis1+ cells and Foxg1+ cells, both of which may overlap with FEP cells at 
different stages. Meis1+ cells are found in the lateral OE at E11.5, and are slow-dividing, self-renewing, 
and less neurogenic relative to more medial progenitors (Tucker et al., 2010). These properties are 
reminiscent of FEP cells. It is likely that Fgf20 and Meis1 expression overlap at E11.5. However, the 
expression pattern of Meis1 post E11.5 has not been reported. Foxg1 expression is found early in the 
olfactory placode, and its lineage therefore includes the entire OE (Duggan et al., 2008; Hébert and 
McConnell, 2000). At E10.5, Foxg1 is expressed mainly in the medial and central nasal pit, unlike 
Fgf20, which is expressed laterally (Duggan et al., 2008; Kawauchi et al., 2009). From E12.5 to E17.5, 
Foxg1+ cells are found in the ventrolateral OE, in a pattern somewhat similar to that of the Fgf20GFP-Cre 

lineage. However, Foxg1+ cells are located in the BC layer and co-express BC markers, unlike FEP 
cells. This suggests that Foxg1+ BCs could be derived from FEP cells. 
 
We propose that FEP cells are an embryonic OE progenitor population. FEP cells were identified in the 
early embryonic (E10.5 and E12.5) lateral OE, which is less developed than the medial OE (Eerdunfu 
et al., 2017; Tucker et al., 2010). Even after the OE begins to mature and undergo established 
neurogenesis at E13 (Cau et al., 1997; Cuschieri and Bannister, 1975a, 1975b; Smart, 1971), FEP cells 
continued to be localized laterally in immature and undifferentiated OE, which resembled early-stage 
embryonic OE. This suggests that FEP cells define parts of the developing OE focused on progenitor 
expansion (horizontal development), rather than established neurogenesis (vertical development). 
Moreover, given that the OE expands in a ventrolateral direction, at around E12.5 to E15.5, after initial 
development of the dorsomedial region (Eerdunfu et al., 2017), FEP cells occupy the correct location to 
account for this lateral expansion. Consistent with this, the Fgf20GFP-Cre lineage included the entire 
ventrolateral OE (zones 2-4) but spared some of the dorsomedial OE (zone 1). 
 
The total lineage of FEP cells included all the major cell types of the OE, including Sus cells, ORNs, 
BCs, as well as Bowman’s glands and ducts. Transient Fgf20 lineage labeling, taking advantage of 
GFP-Cre perdurance, suggests that FEP cells give rise immediately to Sox2+ BCs. Sox2+ BCs, in turn, 
differentiate in a well-described, step-wise manner into ORNs in established neurogenesis (reviewed in 
Calof et al., 2002; Maier et al., 2014). Transient Fgf20 lineage tracing also suggests that FEP cells can 
differentiate directly to Sus cells. In addition, it has been recently shown that Ascl3+ cells found in the 
apical layer of the embryonic OE are progenitors for both Bowman’s gland and duct cells, and 
microvillar cells (Weng et al., 2016). We predict that FEP cells give rise to these Ascl3+ progenitors. 
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A caveat in analyzing Fgf20GFP-Cre lineage tracing data is that the lineage is cumulative. To definitively 
show that FEP cells give rise to the expanding OE will require an inducible system to target the FEP 
population at a specific time point. Nevertheless, results from the cumulative lineage strongly suggest 
that FEP cells contribute to OE expansion. The Fgf20GFP-Cre lineage accounted for nearly all of the OE 
expansion that occurred from E14.5 to P7, during which the OE surface area increased by eleven-fold. 
This high rate of expansion coincided with FGF20-regulated cartilaginous growth of turbinates 
beginning at E14.5 with the formation of a mesenchymal condensation and ending around P7 with 
ossification of the turbinates. From P7 to P30, the OE surface area continued to expand by roughly 
three-fold, as turbinates grow by what has been hypothesized as secondary membranous bone 
extensions (Martineau-Doizé et al., 1992). During these stages, Fgf20GFP-Cre-lineage OE and non-
lineage OE grew proportionally, which is expected, given the absence of FEP cells at these stages. 
This suggests a different method of OE expansion accompanying a different method of turbinate 
growth. Furthermore, while the Fgf20GFP-Cre lineage did not extend beyond the FEP domain at the start 
of OE development (E11.5), it quickly and increasingly exceeded the FEP domain horizontally during 
the stages of rapid OE expansion (E14.5 and E17.5). These lineage trace data, together with results 
showing increased proliferation and decreased neurogenesis in FEP regions of the OE, strongly 
support a role for FEP cells in horizontal OE development. 
 
Wnt/βCat signaling maintains FEP stemness 
 
The “neck” OE where FEP cell were found may define a niche environment to maintain these 
embryonic progenitors into perinatal stages. Wnt/βCat signaling is often an important component of 
stem cell and progenitor niches (Clevers and Nusse, 2012; Nusse and Clevers, 2017). This ubiquitous 
signaling pathway has been studied in the OE at the nasal pit stage in the context of facial development 
(Brugmann et al., 2007; Mani et al., 2010; Reid et al., 2011; Zhu et al., 2016) and at the postnatal and 
adult stage in the context of OE stem cell maintenance (Chen et al., 2014; Wang et al., 2011). 
However, it has not been studied at the stages in between, except for an ectopic activation study (see 
below; Engel et al., 2016). Here, we report Wnt/βCat activity at various stages throughout the 
embryonic and early postnatal OE using the Tcf/Lef:H2b-Gfp mouse (Ferrer-Vaquer et al., 2010) in 
addition to Fgf20GFP-Cre expression, an established transcriptional target of Wnt signaling (Chamorro et 
al., 2005). 
 
βCat loss- and gain-of-function experiments show that Wnt/βCat signaling is necessary and sufficient 
for the maintenance of FEP cells. Loss-of-function led to loss of FEP cells due to premature 
differentiation into Sox2+ BCs, and in turn, ORNs, while gain-of-function led to sustained FEP cell 
maintenance without differentiation into other cell types. Notably, in βEX3-OA mice at E17.5, almost the 
entire OE resembled early-stage immature OE. Loss-of-function experiments also suggest that 
Wnt/βCat signaling is necessary for the maintenance of Sox2+ BCs, perhaps secondary to defects in 
the FEP cells that give rise to them. 
 
Other signals may also be important for FEP niche maintenance. Mechanical forces from negative 
curvature generation and signals from the turbinates or nasal cavity wall could be important, since 
negatively-curved OE is formed by the developing turbinates. These signals could be Wnt ligands or 
other factors upstream of Wnt/βCat signaling. This possibility suggests an interesting feedback loop in 
which developing turbinates help shape the niche to maintain expansive OE progenitors that, in turn, 
secrete signals to promote turbinate growth. It is further conceivable that the loss of FEP cells in βCat 
loss-of-function mice is secondary to defects in turbinate growth affecting OE negative curvature 
formation. However, we believe that Wnt/βCat signaling most likely acts directly to maintain FEP cells, 
since Wnt/βCat activity has the same pattern of expression as Fgf20. Furthermore, overactivation of 
Wnt/βCat signaling was sufficient to maintain FEP cells outside of negatively-curved “neck” OE. 
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FEP cells have potential for dysplasia 
 
In βCat gain-of-function mice, FEP cells became dysplastic, densely packed clumps of undifferentiated 
cells. A similar tumorigenic phenotype has been recently studied, in which Sox2:CreERT2 was used to 
activate the βCatfl(ex3) allele (Engel et al., 2016), presumably targeting FEP cells along with Sox2+ BCs 
and Sus cells. Notably, the strongest tumorigenic phenotype occurred when tamoxifen was given at 
E14.5. The phenotype was markedly and progressively less severe when tamoxifen was given at P7, 
P14, and P21 (no phenotype). This strongly suggests that FEP cells, which are present early in 
development and disappear after P7, were the cells responding to Wnt/βCat overactivation in their 
experiment. Therefore, our βEX3-OA experiment most likely targets the more specific cell type. Engel 
et al. also discuss the similarity and differences between this tumorigenic phenotype and human 
tumors, including olfactory neuroblastoma and sinonasal haemangiopericytoma. The results from Engel 
et al. indicated a turbinate phenotype, but it was not described. 
 
Disruptions to signaling, not cell adhesion, accounts for most of the βCat loss-of-function phenotype 
 
βFF-CKO mice have disruptions in both the signaling and cell adhesion functions of βCat. However, 
evidences suggest that defects in cell adhesion were not responsible for the βFF-CKO phenotype. 
Importantly, βDF-CKO mice, in which only signaling was affected, had similar phenotypes to the 
complete knockout. Furthermore, a recent study found no defects in the total number of ORNs and Sus 
cells in the P0 OE in mice lacking functional αN-catenin, an important component of cell adhesion that 
is highly expressed in ORNs (Katsunuma et al., 2016). However, in these mice, there was abnormal 
adhesion between ORNs and Sus cells, resulting in abnormal apical patterning of the OE. 
 
The βCatDM allele is hypomorphic, and βDF-CKO mice had similar but less severe phenotypes 
compared to βFF-CKO mice. One difference between the two knockouts is that Sox2+ BC density was 
increased in βDF-CKO mice at P0 but decreased in βFF-CKO mice. We hypothesize that this 
difference was due to a later onset of premature differentiation in βDF-CKO mice. Supporting this idea, 
FEP cells could still be found at E17.5 in βDF-CKO mice, while they were almost completely gone in 
the most severe βFF-CKO mice as early as E14.5. The increase in Sox2+ BC density at P0, therefore, 
was likely the result of premature differentiation of the FEP cells remaining at E17.5. 
 
Importantly, βDF-CKO mice are not equivalent to the less severe βFF-CKO mice (shape 2). We 
observed that in some βFF-CKO mice, turbinates on the left and right sides of the nasal cavity showed 
different phenotype severity, suggesting that the phenotype variability was due to differences in Cre 
activation and efficiency. This is supported by the lack of high variability in the βDF-CKO phenotype, as 
the βCatDM allele is not dependent on Cre for activation. Furthermore, because the βCatDM allele is 
constitutive, βDF-CKO mice had decreased Wnt/βCat signaling levels prior to the onset of Fgf20GFP-Cre 

expression, further distinguishing them from βFF-CKO mice. 
 
Wnt/βCat signaling in FEP cells regulates turbinate development via epithelial-mesenchymal signaling 
 
Mice lacking Fgf20 had decreased total OE surface area, but normal OE cellular composition and 
organization. Based on these findings, we conclude that the OE is not directly affected by loss of 
FGF20 signaling. Rather, FGF20 appears to be signaling directly to the underlying mesenchyme to 
regulate turbinate growth. Consistent with this, in the absence of FGF20, expression of the FGF target 
gene Dusp6 is markedly decreased in diffuse mesenchymal cells directly beneath the OE. Conversely, 
ectopic activation of FGF signaling led to increased Dusp6 expression in the diffuse cells. However, we 
cannot completely rule out the possibility that FGF20 may be signaling to both the mesenchyme and 
the OE, which is the case during cochlea development (Huh et al., 2012, 2015).  



   
 

17 
 

 
The βCat loss- and gain-of-function experiments strongly suggest that Fgf20 is a downstream target of 
Wnt/βCat signaling. Wnt/βCat activity and Fgf20 expression were detected in a pattern associated with 
turbinate development prior to their complete calcification at around P7. Consistent with this, loss of 
Wnt/βCat-FGF20 signaling affected the cartilaginous growth of turbinates. Prior to and during the 
initiation of turbinate c1 development at E14.5, Wnt/βCat activity and Fgf20 expression were detected 
in the OE overlying the site of c1 development. This suggests that the OE has a role in the initiation of 
turbinate development, as hypothesized previously (Adameyko and Fried, 2016; Dieulafé, 1906). In 
both Fgf20-KO and βFF-CKO mice, the ratio of c1 condensed mesenchymal cells to diffuse cells at 
E14.5 was decreased. Both also showed decreased proliferation of diffuse cells as well as the normally 
highly proliferative condensed cells. Dusp6 expression showed that diffuse cells are likely the direct 
targets of FGF20 signaling. Together, these results suggest that Wnt/βCat-FGF20 signaling is required 
for chondrocyte progenitor proliferation and potentially mesenchymal condensation. The reason for 
reduced proliferation of condensed cells is not clear at this point. Fgf9-OA and βEX3-OA mice, which 
had dramatically increased Fgf20 expression, had increased proliferation of diffuse mesenchymal cells, 
but decreased or a lack of condensed cells. In βEX3-OA mice, this led to an expansion of the 
mesenchymal layer at the expense of turbinate cartilage. Together, these results show that an 
appropriate level of Wnt/βCat-FGF20 signaling is required for normal chondrocyte progenitor 
proliferation and formation of the mesenchymal condensation. 
 
Strikingly, in both βFF-CKO and βDF-CKO mice, turbinate phenotypes were more severe than that of 
Fgf20-KO mice. In the most severe βFF-CKO mice, there was no formation of the mesenchymal 
condensation. This indicates that other Wnt/βCat-regulated epithelial-mesenchymal signals may 
complement FGF20 and compensate for its loss during turbinate development. We hypothesize that 
these signals are also expressed by FEP cells; however, we cannot rule out the possibility that they are 
expressed by other parts of the OE within the FEP-lineage. These signals could be other members of 
the FGF family, which often have complementary and redundant functions with each other (Ornitz and 
Itoh, 2015). Consistent with this, some residual expression of the FGF target gene Dusp6 was found in 
the turbinate mesenchyme in Fgf20-KO embryos, but not in βFF-CKO embryos. 
 
FGFs shown to be expressed in or around the embryonic nasal pit and OE include Fgf3, 4, 7, 8, 9, 10, 
15, and 17 (Bachler and Neubüser, 2001; Kawauchi et al., 2004, 2005; Zhu et al., 2016). Among these, 
only Fgf8 has been shown in vivo to be necessary for olfactory development, although whether it is 
directly or indirectly required is a topic of debate. Fgf8 is expressed at the rim of the nasal pit, and its 
conditional deletion leads to death of cells required for OE neurogenesis (Kawauchi et al., 2005). This 
causes loss of almost all OE cells and other olfactory structures in the nasal cavity very early in 
development. Interestingly, Fgf8 expression in the nasal pit is partly regulated by Wnt/βCat signaling 
(Reid et al., 2011). However, it has been shown that Fgf8 expression and lineage is restricted to the 
respiratory epithelium, and loss of Fgf8 leads to olfactory defects secondary to defects in craniofacial 
development (Forni et al., 2013). 
 
Other candidate FGFs that potentially work together with FGF20 include FGF9, which is a part of the 
same FGF subfamily as FGF20, and has been shown to work with FGF20 in kidney (Barak et al., 2012) 
and cochlea (Huh et al., 2015) development. FGF10, which is essential for the initiation of limb bud 
formation (Min et al., 1998; Sekine et al., 1999), is also a candidate. However, neither Fgf9; Fgf20 nor 
Fgf10; Fgf20 double-knockout mice exhibited a more severe phenotype than Fgf20-KO (unpublished 
data). Future experiments targeting Fgfrs for deletion in turbinate chondrocyte progenitors can help 
address FGF redundancy. 
 
Bone morphogenetic proteins (BMPs) are another class of Wnt/βCat-regulated signaling factors that 
have well described roles in chondrogenesis (Lin et al., 2016) and could promote turbinate growth. 
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Bmp2, 4, 6, and 7 expression have been detected in the embryonic OE, particularly in ORNs (Peretto et 
al., 2002; Shou et al., 2000). These genes have not been studied in the context of in vivo turbinate 
development, although there is in vitro evidence that they function in feedback inhibition of ORN 
differentiation (Shou et al., 1999, 2000), similarly to other members of the TGFβ superfamily (Gokoffski 
et al., 2011; Kawauchi et al., 2004, 2009; Wu et al., 2003). Unlike FGF20, other epithelial-mesenchymal 
signals may not necessarily be directly regulated by Wnt/βCat signaling. In the absence of Wnt/βCat 
signaling, FEP cells are not maintained, resulting in the loss of signals produced by FEP cells. 
 
The decrease in OE surface area and turbinate size and complexity in Fgf20-KO mice makes them a 
potentially useful model for understanding olfaction, particularly from an evolutionary perspective. 
Turbinate complexity is highly variable among mammals, and this variability has been hypothesized to 
be correlated with, and evolutionarily driven by, the importance of olfaction (Negus, 1959). However, 
the idea that increased OE surface area results in increased olfactory ability has not been directly 
tested (Van Valkenburgh et al., 2014). Fgf20-KO mice are useful for testing this hypothesis. Olfactory 
receptors in the OE are zonally distributed (Ressler et al., 1993; Vassar et al., 1993). Fgf20-KO mice 
may therefore have a deficiency in specific zones of the OE, resulting in a decrease of a specific subset 
of olfactory receptors. This could be studied by examining distribution patterns of various olfactory 
receptors in the Fgf20-KO OE and testing for ability to detect a range of different odorants. 
 
Overall, this study addresses several important gaps in knowledge in olfactory system development, 
including the identity of an expansive pool of OE progenitors, mechanisms regulating OE expansion, 
genetic regulation of turbinate development, role of Wnt/βCat signaling in olfactory development, and 
mechanisms linking scaling of the OE and the underlying turbinates. We do not know whether FEP 
cells exist in other mammalian species, but our findings have implications for mammalian evolution. 
Evolutionarily-driven factors acting on FEP cell number and function are a potential mechanism 
accounting for the diversity of OE surface area and turbinate complexity seen across mammals. 
Furthermore, dysregulation of FEP cells or their equivalent in humans may contribute to human 
diseases such as anosmia and olfactory tumors. Finally, this study provides an interesting model for 
tissue-scaling and progenitor niche maintenance with potential relevance to other developmental 
systems. 
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FIGURE TITLES AND LEGENDS 
 
Figure 1. Fgf20 is expressed in a subset of Sox2+ cells in the developing OE 
(A-G) Fgf20 expression detected via an anti-GFP antibody in Fgf20GFP-Cre/+ mice (green). The OE is 

identified via an anti-Sox2 antibody (red). Sox2 is expressed throughout the OE at E10.5 (A) 
and E12.5 (B), and mainly in the basal and apical layers at E14.5 (C), E17.5 (D-F), and P7 (G). 

(A)  Faint Fgf20GFP-Cre expression in the nasal pit at E10.5. Arrowheads indicate extent of the 
expression. Arrow indicates autofluorescence from red blood cells outside of the nasal pit. 

(B)  Fgf20GFP-Cre expression in the OE at E12.5. * indicates site of future c1 development. VNO, 
vomeronasal organ. 

(C)  Fgf20GFP-Cre expression in the OE at E14.5. White arrowheads indicate immature negatively-
curved OE. Blue arrowheads indicate mature negatively-curved OE. Arrows indicate apical 
Fgf20 expression in OE outside of regions of negative curvature. * indicates expression in OE 
overlying c1. 

(D-F)  Fgf20GFP-Cre expression in anterior (D), mid (E), and posterior (F) sections at E17.5. White 
arrowheads indicate immature negatively-curved OE. Blue arrowheads indicate mature 
negatively-curved OE.  

(E’)  Magnification of the c1 neck region, boxed in (E). Arrowheads indicate fainter Fgf20GFP-Cre 
expression in Sox2+ basal and apical cells adjacent to negatively-curved OE (*). A, apical layer; 
B, basal layer indicated in the merged image. 

(G) Fgf20GFP-Cre expression at P7. Arrowheads indicate apical Fgf20GFP-Cre expression at negatively-
curved OE. Inset, 2.5x magnification of boxed region. 

(H)  Diagram of a mid-sagittal mouse nasal cavity showing locations of the three sections in (D-F). A, 
anterior; M, mid; P, posterior. 

RE, respiratory epithelium. S, nasal septum. D, dorsal; M, medial. Dashed line, epithelial-mesenchymal 
boundary. DAPI, nuclei (blue). Scale bars, 100 µm (A-C, E’), 500 µm (D-G). See also Figure S1. 
 
Figure 2. Fgf20 lineage includes all major OE cell types and responds to cues for expansion 
(A-C)  mG expression in the Fgf20GFP-Cre lineage and mT expression (arrowheads) in non-Fgf20GFP-Cre 

lineage in anterior (A), mid (B), and posterior (C) frontal sections of Fgf20GFP-Cre/+; ROSAmTmG 
mice at P15. S, nasal septum. Dotted line, zone 1 and zones 2-4 demarcation. 

(B’)  Magnification of boxed region in (B). mG expression in the basal cell (BC), olfactory receptor 
neuron (ORN), sustentacular cell (Sus), and cilia layers of the OE, as well as in axon bundles 
(Ax) and Bowman’s glands (BG) found in the lamina propria.  

(D-F)  Real-time Fgf20 expression (GFP-Cre) and Fgf20GFP-Cre lineage (tdTomato) in Fgf20GFP-Cre/+; 
ROSAtdTomato mice at E11.5 (D), E14.5 (E), and E17.5 (F). Dashed line, epithelial-mesenchymal 
boundary. 

(G)  Quantification of total Fgf20GFP-Cre lineage and non-Fgf20GFP-Cre lineage OE surface area at E11.5, 
E14.5, E17.5, P7, and P30. Error bars, mean ± SD; n = 3 at each stage; each bar represents 
one mouse 

DAPI, nuclei. Scale bars, 500 µm (A-C, D-F), 100 µm (B’). See also Figure S2. 
 
Figure 3. Fgf20-KO mice have reduced turbinate size and altered morphology 
 
(A-D)  H&E staining in anterior (A), mid-anterior (B), mid-posterior (C), and posterior (D) sections 

through the nasal cavity in control (Fgf20GFP-Cre/+) and Fgf20-KO (Fgf20GFP-Cre/βgal) mice at P30. 
S, nasal septum. 

(B’)  Magnification of boxed region in (B). Dashed outline used to estimate relative turbinate size. 
(E)  Quantification of turbinate size for each turbinate at P30. * indicates p < 0.05. p = 0.03 (n1), p < 

0.001 (c1), p = 0.02 (n2), p = 0.02 (c2), p = 0.05 (n3), p < 0.001 (n4), n = 4, Student’s t-test.  
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(F)  Quantification of OE surface area and septal organ (SO) surface area at P30. n = 4, Student’s t-
test 

(G)  EdU incorporation in c1 condensed and diffuse mesenchymal cells at E14.5. Dashed outline, c1 
mesenchyme (M), including both condensed (Sox9hi) and diffuse cells. N, nasal cavity wall. 

(H) In situ hybridization at E14.5 showing c1 mesenchymal Dusp6 expression in control (arrows) 
and reduced expression in Fgf20-KO embryos (arrow). Data is representative of 7 control and 7 
Fgf20-KO embryos. N, nasal cavity wall. 

(I-M)  Quantification of c1 normalized condensed cell number (I), normalized diffuse cell number (J), 
ratio of condensed cells to diffuse cells (K), and percent of EdU-incorporating condensed cells 
(L) and EdU-incorporating diffuse cells (M) at E14.5. n = 7, Student’s t-test. 

DAPI, nuclei. Scale bars, 1 mm (A-D), 500 µm (B’), 100 µm (G, H). Error bars, mean ± SD. See also 
Figures S3 and S4. 
 
Figure 4. Wnt activity in the developing OE coincides with Fgf20 expression 
(A-E)  Tcf/Lef:H2b-Gfp expression at E10.5 (A), E12.5 (B), E14.5 (C), E17.5 (D), and P7 (E). 

Arrowhead indicates rim of the nasal pit (NP). Arrow indicates epithelium outside of the nasal 
pit. * indicates site of future c1 development. RE, respiratory epithelium. 

(D’)  Magnification of boxed region in (D). Arrowheads indicate immature, negatively-curved OE. 
(F,G)  Tcf/Lef:H2b-Gfp and Fgf20βgal expression in Tcf/Lef:H2b-Gfp; Fgf20βgal/+ mice at E17.5. 
Dashed line, epithelial-mesenchymal boundary. DAPI, nuclei. Scale bar, 100 µm (A-C), 500 µm (D-G, 
D’). 
 
Figure 5. βCat conditional deletion results in a severe deficit in turbinate development  
(A)  H&E staining in control (Fgf20GFP-Cre/+; βCatfl(ex2-6)/+) and βFF-CKO (Fgf20GFP-Cre/+; βCatfl(ex2-6)/fl(ex2-

6)) mice, with two phenotype examples (shapes 2 and 3) at P0. S, nasal septum. 
(A’)  Magnification of boxed region in (A). N, nasal cavity wall; T, turbinate cartilage; M, mesenchyme. 

Inset, 2x magnification of the OE at the turbinate tip. Dashed line, epithelial-mesenchymal 
boundary. 

(B-D)  Quantification of c1 cartilage volume (B), OE surface area (C), and mesenchyme thickness (D) 
at P0. βFF-CKO phenotype categorized into three shapes (1, 2, and 3). n = 9 control, 14 βFF-
CKO, Welch’s t-test. 

(E)  EdU incorporation in c1 condensed and diffuse mesenchymal cells at E14.5, with two βFF-CKO 
phenotype examples. Dashed outline, c1 mesenchyme (M), including both condensed (Sox9hi) 
and diffuse cells. N, nasal cavity wall. 

(F-J)  Quantification of c1 normalized condensed cell number (F), normalized diffuse cell number (G), 
ratio of condensed cells to diffuse cells (H), and percent of EdU-incorporating condensed cells 
(I) and EdU-incorporating diffuse cells (J) in control and βFF-CKO at E14.5. n = 8 control, 10 
βFF-CKO, Welch’s t-test. 

DAPI, nuclei. Scale bars, 500 µm (A), 100 µm (A’, E). Error bars, mean ± SD. See also Figure S5. 
 
Figure 6. βCat conditional deletion leads to premature differentiation and progenitor depletion in the 
OE 
(A)  Sox2 expression in c1 of control (Fgf20GFP-Cre/+; βCatfl(ex2-6)/+) and βFF-CKO (Fgf20GFP-Cre/+; 

βCatfl(ex2-6)/fl(ex2-6)) mice at P0, with two phenotype examples (shapes 2 and 3). Arrows indicate 
presence of FEP cells in control and the less severe βFF-CKO phenotype. Arrowheads indicate 
absence of FEP cells in the severe βFF-CKO phenotype. BC, basal cells; Sus, sustentacular 
cells. 

(B)  Quantification of c1 OE thickness at P0. βFF-CKO phenotype categorized into three shapes (1, 
2, and 3). n = 9 control, 14 βFF-CKO, Welch’s t-test. 

(C)  OMP expression in c1 at P0. 
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(D)  Quantification of c1 OMP+ ORNs (n = 4 control, 5 βFF-CKO), Sus cells (n = 6 control, 8 βFF-
CKO), and Sox2+ BCs (n = 6 control, 8 βFF-CKO) per 100 µm OE at P0. βFF-CKO phenotype 
categorized into two shapes (2 and 3). Welch’s t-test. 

(E)  EdU incorporation in c1 Sox2+ cells at E14.5. * indicates “neck” region. M, mesenchyme. 
(F-H)  Quantification of c1 OE thickness (H), Sox2+ BCs per 100 µm OE (F), and percent of EdU-

incorporating Sox2+ BCs (G) at E14.5. n = 8 control, 10 βFF-CKO, Welch’s t-test. 
(I)  Fgf20GFP-Cre and OMP expression in c1 at E14.5, with two βFF-CKO phenotype examples. * 

indicates “neck” region. Arrowheads indicate Fgf20 expression in n1 and n2 OE. M, 
mesenchyme. 

(J)  Quantification of c1 OMP+ ORNs per 100 µm OE at E14.5. n = 3 control, 6 βFF-CKO, Welch’s t-
test. 

Dashed line, epithelial-mesenchymal boundary. Solid line, OE apical surface. DAPI, nuclei. Scale bars, 
100 µm. Error bars, mean ± SD. See also Figure S6. 
 
Figure 7. βCat stabilization prevents differentiation of FEP cells and results in mesenchyme expansion 
without condensation in turbinates 
(A)  H&E staining in control (Fgf20GFP-Cre/+; βCat+/+) and βEX3-OA (Fgf20GFP-Cre/+; βCatfl(ex3)/+) mice at 

E17.5. * indicate extra blebs of OE and mesenchyme. S, nasal septum. 
(A’)  Magnification of boxed region in (A). N, nasal cavity wall; T, turbinate cartilage; M, 
mesenchyme. 
(B)  Fgf20GFP-Cre and Sox2 expression in c1 at E17.5. Arrowheads indicate dense clumps of FEP 

cells. Solid line, OE apical surface. 
(C)  Sox9 and OMP expression in c1 at E17.5. Dashed line, epithelial-mesenchymal boundary. Solid 

line, OE apical surface. * indicates Sox9low mesenchyme. Arrows indicate OMP+ ORNs in the 
mesenchyme. Arrowheads indicate OMP+ ORNs in the n2 OE (see Figure S7D). N, nasal cavity 
wall; T, turbinate cartilage. 

(D)  EdU incorporation and Sox9 expression in c1 at E13.5. Dashed line, epithelial-mesenchymal 
boundary. Solid line, nasal cavity wall (N)-mesenchymal (M) boundary. Green fluorescence in 
the βEX3-OA OE is from Fgf20GFP-Cre. 

(E,F)  Quantification of c1 mesenchyme thickness (E) and percent of EdU-incorporating mesenchymal 
cells  
(F) at E13.5. n = 4, Student’s t-test. 

DAPI, nuclei. Scale bars, 500 µm (A), 100 µm (A’, B-D). Error bars, mean ± SD. See also Figure S7. 
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STAR Methods 
 
CONTACT FOR REAGENT AND RESOURCE SHARING 
 
Further information and requests for resources and reagents should be directed to and will be fulfilled 
by the Lead Contact, David M. Ornitz (dornitz@wustl.edu). Mouse models will require an MTA issued 
by Washington University in St. Louis. 
 
EXPERIMENTAL MODEL AND SUBJECT DETAILS 
 
Mice 
 
Mice were group housed with littermates, in breeding pairs, or in a breeding harem (2 females to 1 
male), with food and water provided ad libitum. 
 
For timed-pregnancy experiments, embryonic day 0.5 (E0.5) was assigned as noon of the day the 
vaginal plug was found. For postnatal experiments, postnatal day 0 (P0) was determined as the day of 
birth. 
 
Mice were of mixed sexes and maintained on a mixed C57BL/6J x 129X1/SvJ genetic background. All 
mouse lines were previously reported: 

• Fgf20GFP-Cre: knockin allele containing a sequence encoding a GFP-Cre fusion protein replacing 
exon 1 of Fgf20, resulting in a null mutation (Huh et al., 2015). 

• Fgf20βgal: knockin allele containing a sequence encoding β-galactosidase (βgal) replacing exon 
1 of Fgf20, resulting in a null mutation (Huh et al., 2012). 

• ROSAmTmG: knockin allele containing a sequence encoding a membrane-localized tdTomato 
(mT) flanked by loxP sequences, followed by a sequence encoding a membrane-localized 
eGFP (mG), targeted to the ubiquitously expressed ROSA26 locus. In the absence of Cre-
mediated recombination, mT is expressed; upon Cre-mediated recombination, mG is 
alternatively expressed (Muzumdar et al., 2007). 

• ROSAtdTomato: Ai9 knockin allele containing a loxP-Stop-loxP sequence followed by a sequence 
encoding tdTomato, targeted to the ubiquitously expressed ROSA26 locus. Upon Cre-mediated 
recombination, tdTomato is expressed (Madisen et al., 2010). 

• ROSArtTA: knockin allele containing a loxP-Stop-loxP sequence followed by a sequence 
encoding rtTA-IRES-eGFP, targeted to the ubiquitously expressed ROSA26 locus. Upon Cre-
mediated recombination, reverse tetracycline transactivator (rtTA) and eGFP are expressed  
(Belteki et al., 2005). 

• TRE-Fgf9-IRES-eGfp: transgene containing seven tetracycline-inducible regulatory elements driving 
the expression of FGF9-IRES-eGFP (White et al., 2006). 

• Tcf/Lef:H2b-Gfp: transgene containing a sequence encoding a histone 2B-eGFP (H2B-GFP) 
fusion protein, expressed under the control of six copies of a TCF/LEF responsive element 
(Ferrer-Vaquer et al., 2010). TCF/LEFs are transcription co-factors that bind β-Catenin to 
activate Wnt/β-Catenin regulated genes (Clevers and Nusse, 2012; Nusse and Clevers, 2017). 

• βCatfl(ex2-6): allele containing loxP sequences flanking exons 2 (containing ATG) through 6 of β-
Catenin. Upon Cre-mediated recombination, produces a null mutation (Brault et al., 2001). 

• βCatDM: allele containing a constitutive double mutation that partially blocks the signaling 
capacity of β-Catenin, while preserving its function in adherens junctions (Valenta et al., 2011).  
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• βCatfl(ex3): allele containing loxP sequences flanking exon 3 (containing all regulatory 
phosphorylation sites) of β-Catenin. Upon Cre-mediated recombination, produces a dominant 
stabilized β-Catenin to activate Wnt/β-Catenin signaling (Harada et al., 1999). 

 
All studies performed were in accordance with the Institutional Animal Care and Use Committee at 
Washington University in St. Louis. 
 
METHOD DETAILS 
 
Doxycycline induction 
For the Fgf9-OA experiment, pregnant dams were fed Dox Diet, Grain-Based Doxycycline, 200 mg/kg 
(Bio-Serv, S3888) ad libitum starting at noon on E11.5 until sample harvest at E14.5. 
 
Sample preparation 
 
Heads from mice younger than five days old were fixed in 4% PFA in PBS overnight at 4°C with gentle 
agitation. Samples were then washed x3 in PBS and cryoprotected in 15% sucrose in PBS overnight 
and then in 30% sucrose in PBS overnight. Samples were embedded in Tissue-Tek O.C.T. compound 
(VWR International, 4583) and frozen on dry ice. Serial frontal sections through the nasal cavity were 
cut at 12 µm with a cryostat, dried at room temperature, and stored at -80°C until use. Mice that were 
five days old or older were perfused with PBS and 4% PFA in PBS prior to post-fixation in 4% PFA in 
PBS overnight at 4°C with gentle agitation. After PBS wash, parts of the head posterior to the maxilla 
and frontal bone were cut and removed, along with the mandible, hard palate, and most of the 
remaining exposed soft tissue, except for the olfactory bulb. Front incisors and molars, if any, were 
removed with rongeurs. The remaining skulls with intact nasal cavity were then decalcified by 
incubation in 0.5 M EDTA, pH 8 at 4°C with gentle agitation for two days, or three days for mice two 
weeks old or older, with daily EDTA solution replacement. Cryoprotection, embedding, and sectioning 
were performed as above, except prior to embedding, samples were submerged in O.C.T. and placed 
in a vacuum chamber to remove air bubbles from inside the nasal cavity. 
 
RNA in situ hybridization 
 
Probe preparation: plasmid containing 413 bp of Dusp6 5’-UTR was a gift from Suzanne Mansour (Li et 
al., 2007). To make antisense probe, the plasmid was linearized with restriction enzyme Acc65I (New 
England Biolabs, R0599S) and transcribed with T7 RNA polymerase (New England Biolabs, M0251S) 
according to manufacturer’s instructions, with DIG RNA Labeling Mix (Sigma-Aldrich, 11277073910). 
After treatment with RNase-free DNase I (Sigma-Aldrich, 04716728001) for 15 min at 37°C, probes 
were hydrolyzed in hydrolysis buffer (40 mM NaHCO3, 60 mM Na2CO3) at 65°C for 30 min.  
 
Frozen section in situ hybridization: frozen slides were warmed for 20 min at room temperature and 
then 5 min at 50°C on a slide warmer. Sections were fixed in 4% PFA in PBS for 20 min at room 
temperature, washed x2 in PBS and treated with pre-warmed 10 µg/ml Proteinase K (Sigma-Aldrich, 
03115828001) in PBS for 7 min at 37°C. Sections were then fixed in 4% PFA in PBS for 15 min at room 
temperature, washed x2 in PBS, acetylated in 0.25% acetic anhydrate in 0.1M Triethanolamine, pH 8.0, 
for 10 min, and washed again in PBS. Sections were then placed in pre-warmed hybridization buffer 
(50% formamide, 5x SSC buffer, 5 mM EDTA, 50 µg/ml yeast tRNA) for 3 h at 60°C in humidified 
chamber for prehybridization. Sections were then hybridized in 10 µg/ml probe/hybridization buffer 
overnight (12-16 h) at 60°C. The next day, sections were washed in 1x SSC for 10 min at 60°C, 
followed by 1.5x SSC for 10 min at 60°C, 2x SSC for 20 min at 37°C x2, and 0.2x SSC for 30 min at 
60°C x2. Sections were then washed in KTBT (0.1 M Tris, pH 7.5, 0.15 M NaCl, 5 mM KCl, 0.1% Triton 
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X-100) at room temperature and blocked in KTBT + 20% sheep serum + 2% Blocking Reagent (Sigma-
Aldrich, 11096176001) for 4 h. Blocking Reagent was dissolved in 100 mM Maleic acid, 150 mM NaCl, 
pH 7.5. Sections were then incubated in sheep anti-Digoxigenin-AP, Fab fragments (1:1000, Sigma-
Aldrich, 11093274910) in KTBT + 20% sheep serum + 2% Blocking Reagent overnight at 4°C. Sections 
were then washed x3 in KTBT for 30 min at room temperature, and then washed x2 in NTMT (0.1 M 
Tris, pH 9.5, 0.1 M NaCl, 50 mM MgCl2, 0.1% Tween 20) for 15 min. Sections were next incubated in 
NTMT + 1:200 NBT/BCIP Stock Solution (Sigma-Aldrich, 11681451001) in the dark at room 
temperature until color appeared. Sections were then washed in PBS, post-fixed in 4% PFA in PBS for 
15 min and washed x2 in PBS. Finally, sections were dehydrated in 30% and then 70% methanol, 5 
min each, followed by 100% methanol for 15 min. Sections were then rehydrated in 70% and 30% 
methanol and then PBS, 5 min each, and mounted in 95% glycerol. 
 
Histology and Immunofluorescence 
 
H&E staining was done by the Washington University Developmental Biology Histology Core.  
Immunofluorescence: frozen slides were warmed for 30 min at room temperature and washed in PBS 
before incubating in PBS + 0.5% Triton X-100 (PBST) for 1 h to permeabilize the tissue. Sections were 
then blocked using in PBST + 5% donkey serum for 1 h and then incubated in PBST + 1% donkey 
serum with the primary antibody overnight at 4°C in a humidified chamber. Sections were then washed 
x3 in PBS and incubated in PBS + 1% Triton X-100 with the secondary antibody. After wash in PBS x3, 
slides were mounted in VectaShield antifade mounting medium with DAPI (Vector Labs, H-1200). 
 
Antibodies 
 
Antibodies for immunofluorescence were used at the following concentrations: 

• Rabbit anti-GFP (1:500; Life Technologies, A-11122) 
• Chick anti-Beta galactosidase (1:500; Abcam, ab9361) 
• Goat anti-Sox2 (1:200; Santa Cruz, sc-17320) 
• Rabbit anti-Sox9 (1:500; Millipore, AB5535) 
• Goat anti-OMP (1:1000; Wako Chemicals, 544-10001) 
• Goat anti-Pde2a (1:100; Santa Cruz, sc-17227) 
• Alexa Fluor conjugated secondary antibodies (1:500; Thermo Fisher) 
• Sheep anti-Digoxigenin-AP, Fab fragments (1:1000, Sigma-Aldrich, 11093274910) 

 
Cell proliferation assay 
 
EdU (Thermo Fisher, E10187) was injected i.p. into pregnant dams at 100 µg per gram body weight. 
Except where noted, embryos were harvested at 1 h after injection. For 4 h EdU incorporation, 100 µg 
per gram body weight of EdU was injected at 4 h and 2 h before embryos were harvested. EdU was 
detected using the Click-iT Plus EdU Alexa Fluor 594 or 647 picolyl azide toolkit (Thermo Fisher, 
C10639, C10640) according to manufacturer’s instructions. 
 
Imaging 
 
Brightfield microscopy was done using a Hamamatsu NanoZoomer slide scanning system with a 20x 
objective or on a Zeiss AxioPlan 2 with a 10x or 20x objective. Images were processed with the 
NanoZoomer Digital Pathology (NDP.view2) software or ImageJ (imagej.nih.gov). 
 
Fluorescent microscopy was done using a Zeiss Axio Imager Z1 with Apotome 2, with z-stack step-size 
determined based on objective lens type (10x or 20x), as recommended by the ZEN software (around 1 
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µm). Fluorescent images shown are maximum projections. Most fluorescent images shown required 
stitching together, by hand, several images to capture the entire structure of interest. Some 
fluorescence microscopy was also done using a Zeiss Axio Imager Z2 with Apotome 2. In all cases, 
except where noted, Fgf20GFP-Cre expression was detected with an anti-GFP antibody. In all cases, 
mGFP, mTomato, tdTomato, and H2B-GFP expressions were detected by native fluorescence. Images 
were processed with ImageJ. 
 
QUANTIFICATION AND STATISTICAL ANALYSIS 
 
Measurements and cell quantification 
 
Measurements and cell quantification (using the Cell Counter plugin by Kurt De Vos) were done using 
ImageJ. 
 
For OE surface area measurements, length along the apical surface of the OE was measured in serial 
frontal sections starting just anterior to endoturbinate I and ending at the end of the nasal cavity. The 
measured length was then multiplied by the distance between sections to calculate surface area. OE 
was differentiated from respiratory epithelia based on histology (OE is pseudostratified); where 
ambiguous, epithelia <30 µm thick were not considered OE. 
 
Fgf20GFP-Cre lineage quantification 
OE surface area was measured as above, with the following specifics:  

• E11.5: measurements were done on eleven to 14 sections per sample, starting anteriorly when 
the VNO was reached. 

• E14.5: nine sections per sample, starting mid VNO, when n1 and n2 were reached. 
• E17.5: eleven sections per sample, starting posterior to the VNO, when n2 was reached. 
• P7: 14 sections per sample, starting posterior to the VNO, when n2 was reached. 
• P30, nine to ten sections per sample, starting posterior to the VNO, when n2 was reached. 

 
Linear Fgf20+ and OMP+ cell distribution plot 
OE of turbinate c1 was linearized in ImageJ at the level of OMP+ ORNs. The location of each Fgf20+ 
and OMP+ cell was marked along this line. Plots from multiple samples were scaled to their average 
length and combined to represent an average/combined distribution across multiple samples. Plots 
were made in Canvas X (ACD Systems) 
 
Phenotype analyses at P30 

• Individual turbinate size: length was measured at the apical OE surface of each turbinate from 
two comparable sections at the anteroposterior middle of each turbinate, and then summed to 
estimate relative turbinate size. Outlines in Figure 3B’ indicate measurements used to estimate 
turbinate size. 

• Total surface area: OE surface area was measured as above, using 26-29 frontal sections, 
starting immediately posterior to the VNO for the OE, and 3-6 frontal sections spanning the 
entire septal organ anteroposteriorly, for the septal organ. 

For the rest of this study (methods below), we focused on turbinate c1. 
 
Phenotype analyses at E13.5 and E14.5 

• OE thickness: average of three measurements made on one frontal section halfway through the 
turbinate. Measurements were at the turbinate tip/center and 50 µm on either side. Each 
measurement was the shortest distance from the epithelial-mesenchymal boundary to the apical 
surface of the OE. 
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• Mesenchyme thickness: as with OE thickness, average of three measurements at the turbinate 
tip/center and 50 µm on either side. Each measurement was the shortest distance from the 
epithelial-mesenchymal boundary to the nasal cavity wall. 

Cell counts were made on comparable frontal sections halfway through the turbinate. 
• Condensed mesenchymal cells were identified by high Sox9 staining, small soma, and dense 

packing of cells. A few cells outside of the condensations at E14.5 (closer to the epithelium) had 
high Sox9 expression, but were counted as diffuse mesenchymal cells. Condensed and diffuse 
cell numbers were normalized to the number of Sox9+ chondrocytes in the adjacent nasal cavity 
wall to adjust for potential slight differences in angle of sectioning. 

• Quantification of “OE adjacent cell” proliferation in the Fgf9-OA experiment: average c1 diffuse 
mesenchyme thickness in control embryos was measured to be 69 µm. In Fgf9-OA embryos, 
the c1 OE was outlined at the basal side; this outline was then moved 69 µm away from the 
basal side of the OE. Cells between this line and the OE were considered “OE adjacent cells.” 
The average normalized number of “OE adjacent cells” quantified was 1.2 ± 0.1 in Fgf9-OA 
embryos, the same as the normalized number of diffuse cells in control (1.2 ± 0.2). 

• BC number was normalized to OE basal surface length. OMP+ cell number was normalized to 
OE apical surface length. Fgf20+ cell counts were normalized to OE area on a section. 

 
Phenotype analyses at E17.5 and P0 

• Turbinate cartilage size: a curved line was drawn to the contour of the lateral nasal cavity wall 
dorsal and ventral to c1; the cartilage projection medial to this line was considered the turbinate. 
Cartilaginous area of c1 was measured in 5 to 7 serial frontal sections spanning the entire 
turbinate anteroposteriorly. The measured area was then multiplied by the distance between 
sections to calculate volume.   

• Turbinate OE surface area: length of the turbinate was measured along the epithelial-
mesenchymal boundary in 5 to 7 serial frontal sections and multiplied by the distance between 
sections. Inflection points in the OE curvature at “neck” regions were used to differentiate 
between turbinate OE (OE overlying the turbinate) and OE overlying the nasal cavity wall. For 
reference, see dashed line in Figures S3H, 6C, and S6C. In cases where the turbinate was 
completely absent (βFF-CKO, shape 3), what was considered turbinate OE was estimated 
based on the height (dorsoventral length) of the turbinate in less severe βFF-CKO littermates 
(see Figure 6C, dashed line). Note the “neck” OE regions of c1 are further apart in βFF-CKO 
mice (turbinate “neck” cartilage is thicker); this was taken into consideration in the estimate. 

• Mesenchyme thickness: three measurements at the turbinate tip/center and 100 µm on either 
side, on 3 sections 96 µm apart for a total of 9 measurements (which were then averaged). 
Each measurement was the shortest distance from the epithelial-mesenchymal boundary to the 
turbinate cartilage. 

• OE thickness: same as mesenchyme thickness. Each measurement was the shortest distance 
from the epithelial-mesenchymal boundary to the apical surface of the OE. 

• Sox2+ and OMP+ cell count: on comparable sections at the anteroposterior middle of the 
turbinate. BC number was normalized to OE basal surface length. Sus cell and ORN numbers 
were normalized to OE apical surface length. 

• Mesenchyme EdU-incorporating cell count: “neck” region mesenchyme was defined as 
mesenchyme adjacent to FEP cell area, both dorsal and ventral to c1, combined. “Tip” region 
was a similarly sized area at the tip of c1.  

• Chondrocyte EdU-incorporating cell count: all chondrocytes of c1 (“neck” and “tip”) on a frontal 
section halfway through the turbinate were counted. 

 
In situ hybridization analyses 
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In situ hybridization for Dusp6 was evaluated, blinded to genotype, by alkaline phosphatase color 
reaction intensity in the c1 mesenchyme. 2-3 serial sections per sample from Fgf20-KO (n = 7 control, 7 
Fgf20-KO), Fgf9-OA (n = 4 control, 4 Fgf9-OA), and βFF-CKO (n = 4 control, 6 βFF-CKO) E14.5 
embryos were examined. For Fgf20-KO samples, the genotypes of 13 out of 14 total samples were 
scored correctly based on Dusp6 expression intensity (one control sample was wrongly scored as 
Fgf20-KO). Figures 3H, S4G, and S5C show representative images of each genotype. 
 
Statistics and plotting 
 
All figures were made in Canvas X. Data analysis was performed using the Python programming 
language (python.org) in Jupyter Notebook (jupyter.org) with the following libraries: Pandas 
(pandas.pydata.org), NumPy (numpy.org) and SciPy (scipy.org). Plotting was done using the Matplotlib 
library (matplotlib.org). Statistics (t-test and one-way ANOVA) were performed using the SciPy module 
Stats; Tukey’s HSD was performed using the Statsmodels package (statsmodels.org). 
 
Data from βFF-CKO mice were plotted in different colors to visualize differences in phenotype severity 
(shapes 1, 2, and 3). However, data from all shapes were combined for statistical analysis. 
Comparisons of two means in βFF-CKO experiments were performed using two-tailed, unpaired 
Welch’s (unequal variance) t-test, since βFF-CKO mice exhibited variability in phenotype while controls 
did not. All other comparisons of two means were performed using two-tailed, unpaired Student’s t-test. 
For comparisons of more than two means, one-way ANOVA was used; for significant results at α = 
0.05, Tukey’s HSD was performed for post-hoc pair-wise analysis. 
 
All statistical details can be found in the figures and figure legends. In all cases, sample size (n) 
represents the number of animals. Data are represented as mean ± standard deviation (SD). 
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SUPPLEMENTAL INFORMATION TITLES AND LEGENDS 
 
Figure S1. Related to Figure 1. 
(A-G)  H&E staining in frontal sections through the nasal cavity. 
(A)  Nasal pit (NP) at E10.5. 
(B)  Turbinates n1 and n2 at E12.5. n3 appears at this stage and can be found in more posterior 

sections (data not shown). * indicates site of future c1 development. VNO, vomeronasal organ. 
(C)  Turbinates n1, c1, and n2 at E14.5. n1 and n2 are connected at this section. c2, n3, and n4 

appear at this stage and can be found in more posterior sections (data not shown). 
(C’) Magnification of the boxed region in (C). c1 appears as a mesenchymal condensation (M) 

between the OE and the nasal cavity wall (N). 
(D-F)  All six turbinates in anterior (D), mid (E), and posterior (F) sections at E17.5. 
(E’)  Magnification of the boxed region in (E). Condensed mesenchymal cells have differentiated into 

chondrocytes. N, nasal cavity wall; T, turbinate cartilage; M, mesenchyme. 
(G) All six turbinates at P7. 
(G’) Magnification of the boxed region in (G). Cartilage have been mostly replaced by eosinophilic 

ossified bone. * indicates remaining hypertrophic chondrocytes. N, nasal cavity wall; T, ossified 
turbinate; M, mesenchyme. 

(H)  Diagram of a frontal section through the nasal cavity at perinatal stages, showing three layers of 
tissue: OE, mesenchyme (mes), and cartilage. Inset: zoom showing “neck” and “tip” regions of 
c1. 

(I)  H&E staining in anterior (1), mid-anterior (2), mid-posterior (3), and posterior (4) frontal sections 
through the mouse nasal cavity at P30. Individual turbinates (n1, c1, n2, c2, n3, n4) are outlined. 
OB, olfactory bulb. 

(I’)   Diagram of a mid-sagittal adult mouse nasal cavity showing locations of the four sections in (I). 
S, nasal septum. D, dorsal; M, medial. Scale bars, 100 µm (A-C, C’, E’, G’), 500 µm (D-G), 1 mm (H). 
 
Figure S2. Related to Figure 2. 
(A)  Fgf20GFP-Cre expression and EdU incorporation in Fgf20GFP-Cre/+ c1 OE at E17.5. OE overlying the 

“neck” and “tip” regions of the developing turbinate are outlined. 
(B)  Quantification of proliferating cells in c1 OE overlying “neck” and “tip” regions per 1000 µm2 of 
OE.  
(C,D)  Fgf20GFP-Cre and OMP expression in anterior (C) and posterior (D) sections at E17.5. RE, 

respiratory epithelium. Arrowheads indicate negatively-curved “neck” OE. 
(E)  Linear plot of OMP+ ORN and Fgf20+ cell distribution along c1 OE (dashed outline in (C)) at 

E17.5. Length: 1.27 mm. 
(F)  Pde2a expression in c1 dorsal “neck” or cul-de-sac region at P30. 
(G) Fgf20GFP-Cre and (lack of) Pde2a expression in c1 dorsal “neck” region at E17.5. 
(H)  Fgf20GFP-Cre; ROSAmTmG lineage (mG) in the vomeronasal organ (VNO, outlined). 
(I)  Fgf20GFP-Cre; ROSAmTmG lineage (mG) in the septal organ (SO, outlined). 
Dashed line, epithelial-mesenchymal boundary. DAPI, nuclei. Scale bars, 500 µm (C, H), 100 µm (A, F, 
G). Error bars, mean ± SD. 
 
Figure S3. Related to Figure 3 
(A,B)  H&E staining in anterior (A) and posterior (B) sections through the nasal cavity in control 

(Fgf20GFP-Cre/+) and Fgf20-KO (Fgf20GFP-Cre/βgal) mice at P0. S, nasal septum. 
(A’)  Magnification of boxed region in (A). N, nasal cavity wall; T, turbinate cartilage; M, 
mesenchyme. 
(C-F)  Quantification of c1 cartilage volume (C), OE surface area (D), mesenchyme thickness (E), and 

OE thickness (F) at P0. n = 7 control, 8 Fgf20-KO, Student’s t-test. 
(G)  Fgf20GFP-Cre and Sox2 expression in c1 at P0. BC, basal cells; Sus, sustentacular cells. 
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(H)  OMP expression in c1 at P0. 
(I)  Quantification of c1 OMP+ ORNs, Sus cells, and Sox2+ BCs per 100 µm OE at P0. n = 4, 

Student’s t-test. 
(J)  EdU incorporation in c1 OE Sox2+ cells at E14.5. M, mesenchyme. 
(K-M)  Quantification of c1 OE thickness (K), Sox2+ BCs per 100 µm (L), and percent of EdU-

incorporating Sox2+ BCs (M) at E14.5. n = 7, Student’s t-test. 
 
Dashed line, epithelial-mesenchymal boundary. DAPI, nuclei. Scale bars, 500 µm (A), 100 µm (A’, G, 
H, J). Error bars, mean ± SD. 
 
Figure S4. Related to Figure 3 
(A-E) EdU incorporation in control (Fgf20GFP-Cre/+) and Fgf20-KO (Fgf20GFP-Cre/βgal) mice at E17.5. 
(A)  Fgf20GFP-Cre expression and 1 h EdU incorporation in c1 at E17.5. N, nasal cavity wall; T, 

turbinate cartilage; M, mesenchyme. 
(A’)  Magnification of boxed region in (A). M, mesenchyme. Dashed line, epithelial-mesenchymal 

boundary. Solid line, cartilage-mesenchyme boundary. 
(B-E)  Quantification of 1 h (n = 6) and 4 h (n = 3 control, 4 Fgf20-KO) EdU incorporation in c1 “neck” 

region mesenchymal cells (B), “tip” region mesenchymal cells (C), “neck” and “tip” chondrocytes 
(D), and FEP cells (E) at E17.5. Student’s t-test. 

(F-L) EdU incorporation and Dusp6 in situ hybridization in control (Fgf20GFP-Cre/+; ROSArtTA) and Fgf9-
OA (Fgf20GFP-Cre/+; ROSArtTA; TRE-Fgf9-IRES-eGfp) mice at E14.5. 

(F)  EdU incorporation in c1 condensed and diffuse mesenchymal cells at E14.5. Dashed outline, c1 
mesenchyme (M), including both condensed (Sox9hi) and diffuse cells. N, nasal cavity wall. 
Brackets, “OE adjacent cells” within 69 µm below OE. 

(G) In situ hybridization at E14.5 showing c1 mesenchymal Dusp6 expression in control and 
increased expression in Fgf9-OA embryos (arrows). Data is representative of 4 control and 4 
Fgf9-OA embryos. N, nasal cavity wall. 

(H-L)  Quantification of c1 normalized condensed cell number (H), normalized diffuse cell number (I), 
ratio of condensed cells to diffuse cells (J), and percent of EdU-incorporating condensed cells 
(K) and EdU-incorporating diffuse cells (L) at E14.5. n = 4 control and 6 Fgf9-OA, Student’s t-
test. 

DAPI, nuclei. Scale bars, 100 µm. Error bars, mean ± SD. 
 
Figure S5. Related to Figure 5 
(A)  Fgf20GFP-Cre and Sox2 expression in control (Fgf20GFP-Cre/+; βCatfl(ex2-6)/+), βFF-CKO (Fgf20GFP-Cre/+; 

βCatfl(ex2-6)/fl(ex2-6)), and βDF-CKO (Fgf20GFP-Cre/+; βCatDM/fl(ex2-6)) mice at P0, with two βFF-CKO 
phenotype examples (shapes 2 and 3). S, nasal septum. Inset, 2x magnification of the boxed 
region; arrows indicate presence of FEP cells (Fgf20 and Sox2 double-positive in control; Sox2 
single-positive in βFF-CKO, shape 2). 

(B)  Left: H&E staining in control, βFF-CKO, and βDF-CKO mice at P30. S, nasal septum. Right: 10x 
magnification of boxed regions showing OMP expression on an adjacent frontal section from the 
same sample. Region a, magnification of c1 “tip” OE; region b, magnification of c1 “neck” OE. 
Arrowhead indicates area with extremely thin or absent OE, as indicated by lack of OMP 
expression. Ax, axon bundles. Dashed line, epithelial-mesenchymal boundary. 

(C) In situ hybridization at E14.5 showing c1 mesenchymal Dusp6 expression in control and loss of 
in βFF-CKO embryos (arrows). Data is representative of 4 control and 6 βFF-CKO embryos. N, 
nasal cavity wall. 

(D)  H&E staining in control (Fgf20GFP-Cre/+; βCatfl(ex2-6)/+) and βDF-CKO (Fgf20GFP-Cre/+; βCatDM/fl(ex2-6)) 
mice at P0. S, nasal septum. 
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(D’)  Magnification of boxed region in (D). N, nasal cavity wall; T, turbinate cartilage; M, mesenchyme. 
Inset, 2x magnification of the OE at the turbinate tip. Dashed line, epithelial-mesenchymal 
boundary. 

(E-G)  Quantification of c1 cartilage volume (E, p < 0.001, one-way ANOVA), surface area (F, p < 
0.001, one-way ANOVA), and mesenchyme thickness (G, p = 0.04, one-way ANOVA) of 
Fgf20GFP-Cre/+; βCat+/+ (n = 7), Fgf20GFP-Cre/+; βCatDM/+ (n = 5), Fgf20GFP-Cre/+; βCatfl(ex2-6)/+ (n = 5), 
and Fgf20GFP-Cre/+; βCatDM/fl(ex2-6) (n = 7) mice at P0.  * indicates statistically significant at α = 0.05 
by Tukey’s HSD. 

DAPI, nuclei. Scale bars, 1 mm (B), 500 µm (A, D), 100 µm (C, D’). Error bars, mean ± SD. 
 
Figure S6. Related to Figure 6 
(A)  Sox2 expression in c1 of control (Fgf20GFP-Cre/+; βCatfl(ex2-6)/+) and βDF-CKO (Fgf20GFP-Cre/+; 

βCatDM/fl(ex2-6)) mice at P0. Arrows indicate presence of FEP cells in control mice. Arrowheads 
indicate absence of FEP cells in βDF-CKO mice. BC, basal cells; Sus, sustentacular cells. 

(B)  Quantification of c1 OE thickness in Fgf20GFP-Cre/+; βCat+/+ (n = 7), Fgf20GFP-Cre/+; βCatDM/+ (n = 5), 
Fgf20GFP-Cre/+; βCatfl(ex2-6)/+ (n = 5), and Fgf20GFP-Cre/+; βCatDM/fl(ex2-6) (n = 7) mice at P0. p < 0.001, 
one-way ANOVA. * indicates statistically significant at α = 0.05 by Tukey’s HSD. 

(C) OMP expression in c1 at P0. 
(D)  Quantification of c1 OMP+ ORNs (n = 4), Sus cells (n = 4 control, 5 βDF-CKO), and Sox2+ BCs 

(n = 4 control, 5 βDF-CKO) per 100 µm OE at P0. Student’s t-test. 
(E)  EdU incorporation in c1 OE Sox2+ cells at E17.5. Arrow indicates presence of FEP cells. T, 

turbinate cartilage; M, mesenchyme. 
(F-H)  Quantification of c1 OE thickness (F), Sox2+ BCs per 100 µm OE (G), and percent of EdU-

incorporating Sox2+ BCs (H) at E17.5. n = 3, Student’s t-test. 
(I)  Fgf20GFP-Cre and OMP expression in c1 at E17.5, with linear plot of OMP+ ORN and Fgf20+ cell 

distribution along the c1 OE (dashed outline). Distribution plot length: 1.27 mm, control; 0.787 
mm, βDF-CKO (average of n = 3). Arrows indicate Fgf20 expression. Arrowheads indicate c1 
“neck” region OE. N, “neck”; T “tip”. 

Dashed line, epithelial-mesenchymal boundary. DAPI, nuclei. Scale bars, 100 µm. Error bars, mean ± 
SD. 
 
Figure S7. Related to Figure 7 
(A)  Fgf20GFP-Cre expression without anti-GFP antibody staining in c1 in control (Fgf20GFP-Cre/+; 

βCat+/+) and βEX3-OA (Fgf20GFP-Cre/+; βCatfl(ex3)/+) mice at E17.5. N, nasal cavity wall; T, turbinate 
cartilage; M, mesenchyme. Arrowheads indicate faint Fgf20GFP-Cre expression in control. Arrows 
indicate duct structures in the mesenchyme. Inset, 3x magnification of boxed region. Note: in all 
other figures except S7A, GFP-Cre expression was detected with an anti-GFP antibody 
(including S7B, S7C, and S7E). 

(B)  Fgf20GFP-Cre expression and EdU incorporation in c1 at E17.5. Dashed outline, epithelial-
mesenchymal boundary in control, FEP cell clumps in βEX3-OA. Solid line, cartilage-
mesenchyme boundary. N, nasal cavity wall; T, turbinate cartilage; M, mesenchyme. 

(C)  Fgf20GFP-Cre and Sox2 expression in dorsomedial n2 at E17.5. BC, basal cells; Sus, 
sustentacular cells. 
(D)  Sox9 and OMP expression in dorsomedial n2 at E17.5. Note: high Sox9 expression was also 

found in Bowman’s gland and duct cells, which can be seen in the mesenchymal layer and OE, 
respectively (Packard et al., 2011). 

(E)  Fgf20GFP-Cre expression and EdU incorporation in c1 at E13.5. M, mesenchyme. Arrowheads 
indicate a dense clump of FEP cells. 

(F-H)  Quantification of c1 OE thickness (F), Fgf20+ cells per 100 µm2 of OE (G), and percent of EdU-
incorporating Fgf20+ cells (H) at E13.5. n = 4, Student’s t-test. 
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DAPI, nuclei. Dashed line, epithelial-mesenchymal boundary. Scale bars, 100 µm. Error bars, mean ± 
SD. 



 

KEY RESOURCES TABLE 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Antibodies 

Rabbit anti-GFP Thermo Fisher Cat# A-11122; 
RRID:AB_221569 

Chick anti-Beta galactosidase Abcam Cat# ab9361; 
RRID:AB_307210 

Goat anti-Sox2 Santa Cruz Biotech Cat# sc-17320; 
RRID:AB_2286684 

Rabbit anti-Sox9 Millipore Cat# AB5535; 
RRID:AB_2239761 

Goat anti-OMP Wako Chemicals Cat# 544-10001; 
RRID:AB_664696 

Goat anti-Pde2a Santa Cruz Biotech Cat# sc-17227; 
RRID:AB_653928 

Donkey anti-Rabbit IgG (H+L), Alexa Fluor 488 Thermo Fisher Cat# A-21206; 
RRID:AB_2535792 

Donkey anti-Goat IgG (H+L); Alexa Fluor 555 Thermo Fisher Cat# A-21432; 
RRID:AB_2535853 

Goat anti-Rabbit IgG (H+L); Alexa Fluor 555 Thermo Fisher Cat# A-21428; 
RRID:AB_2535849 

Goat anti-Chicken IgY (H+L); Alexa Fluor 555 Thermo Fisher Cat# A-21437; 
RRID:AB_2535858 

Sheep anti-Digoxigenin-AP, Fab fragments Sigma-Aldrich Cat# 11093274910; 
RRID:AB_514497 

Chemicals, Peptides, and Recombinant Proteins 

Dox Diet, Grain-Based Doxycycline, 200 mg/kg Bio-Serv Cat# S3888 

Critical Commercial Assays 

VectaShield antifade mounting medium with DAPI Vector Labs Cat# H-1200 

Click-iT Plus EdU Alexa Fluor 594 picolyl azide toolkit Thermo Fisher Cat# C10639 

Click-iT Plus EdU Alexa Fluor 647 picolyl azide toolkit Thermo Fisher Cat# C10640 

Experimental Models: Organisms/Strains 

Mouse: Fgf20GFP-Cre: B6.129-Fgf20tm2.1(cre/EGFP)Dor/J Huh et al., 2015 MGI:5751785 

Mouse: Fgf20βgal: B6.129-Fgf20tm1.1Dor/J Huh et al., 2012 RRID:MGI:5425887 

Mouse: ROSAmTmG: B6.129-Gt(ROSA)26Sortm4(ACTB-

tdTomato,-EGFP)Luo/J 
Muzumdar et al., 2007 RRID:IMSR_JAX:00

7576 
Mouse: ROSAtdTomato: B6.129-Gt(ROSA)26Sor tm9(CAG-

tdTomato)Hze/J 
Madisen et al., 2010 RRID:IMSR_JAX:00

7905 
Mouse: ROSArtTA: B6.129-
Gt(ROSA)26Sortm1(rtTA,EGFP)Nagy/J 

Belteki et al., 2005 RRID:IMSR_JAX:00
5670 

Mouse: TRE-Fgf9-IRES-eGfp: B6.129-Tg(tetO-Fgf9,-
EGFP)#Dor/J 

White et al., 2006 MGI:5538516 

Mouse: Tcf/Lef:H2b-Gfp: B6.129-Tg(TCF/Lef1-
HIST1H2BB/EGFP)61Hadj/J  

Ferrer-Vaquer et al., 
2010 

RRID:IMSR_JAX:01
3752 

Mouse: βCatfl(ex2-6): B6.129-Ctnnb1 tm2Kem/J Brault et al., 2001 RRID:IMSR_JAX:00
4152 

Mouse: βCatDM: B6.129-Ctnnb1tm3Kba/J Valenta et al., 2011 MGI:5308947 

Mouse: βCatfl(ex3): B6.129-Ctnnb1tm1Mmt/J Harada et al., 1999 MGI:1858008 

Recombinant DNA 

Plasmid: pBSKS-Dusp6 Gift of Dr. Suzanne 
Mansour (Li et al., 
2007) 

N/A 

Key Resource Table



 

Software and Algorithms 

ZEN Zeiss https://www.zeiss.co
m/microscopy/us/do
wnloads/zen.html 

NanoZoomer Digital Pathology (NDP.view2) Hamamatsu https://www.hamama
tsu.com/jp/en/U1238
8-01.html 

Canvas X ACD Systems http://www.canvasgf
x.com/ 

ImageJ National Institutes of 
Health 

https://imagej.nih.go
v/ij/ 

Cell Counter plugin for ImageJ Kurt De Vos https://imagej.nih.go
v/ij/plugins/cell-
counter.html 

Python Guido van Rossum 
and Python 
developers 

https://www.python.o
rg/ 

Pandas Pandas core team https://pandas.pydat
a.org/ 

NumPy NumPy developers http://www.numpy.or
g/ 

SciPy SciPy developers https://www.scipy.or
g/ 

Matplotlib John Hunter and 
contributors 

https://matplotlib.org/ 

Statsmodels Josef Perktold, 
Skipper Seabold, 
Jonathan Taylor, and 
statsmodels 
developers. 

https://www.statsmo
dels.org/stable/index
.html 
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